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AMERICAN ROCKET 


On the Relationship Between Fluid Friction and Heat 
Transfer in Nucleate Boiling 


R. H. SABERSKY! and H. E. MULLIGAN? 


Engineering Division, California Institute of Technology, Pasadena, Calif. 


An experimental investigation was conducted to deter- 
mine whether any relationship exists between the friction 
and ‘he heat-transfer coefficients in the region of nucleate 
boiling with forced convection. The tests were carried 
out with distilled water flowing through a */s-in.-diam 
tube. The water was heated by passing an electric current 
through the tube wali. The experimentally determined 
values of the friction and heat-transfer coefficients were 
given approximately by the equation C;/2 = Cy. This is 
the relation that one would expect on the basis of Reynolds’ 
analogy for turbulent flow either without a laminar bound- 
ary layer or with the laminar boundary layer when the 
Prandtl number is unity. It appears therefore that the 
effect of the bubbles is a hydrodynamic one, leading to an 
increase in heat exchange as well as in momentum 
exchange. 


1 Introduction 


N RECENT years considerable attention has been given to 
the problem of boiling heat transfer. This interest has 

arisen largely because this type of heat transfer often occurs in 
the cooling of rocket motors. The experimental results in 
boiling heat transfer are often presented in the form of a graph 
giving the heat transfer rate as a function of the temperature 
of the heating surface. Such a curve is shown in Fig. 1. The 
outstanding characteristic of this curve is the maximum at 
point A. If higher heat transfer rates are required, the tem- 
perature of the heating surface has to increase abruptly to a 
value beyond point B. In many cases the temperature at B 
is beyond the melting point of the material, and the heating 
surface is destroyed if attempts are made to increase the heat 
transfer rate above that indicated by point A. Point A is, 
therefore, called the “burnout point.” The part of the curve 
from the initiation of boiling (point C) to the burnout point 
isusually quite ‘‘steep,” i.e., the temperature change between 
these two points is small. In many designs the exact surface 
temperatures are of secondary importance and the tempera- 
tures for heat-transfer rates between points A and C can then 
be estimated with sufficient accuracy. The heat transfer 
limit given by the burnout point then becomes the essential 
information needed by the designer. It would be most de- 
sirable if this information could be made available in the form 
of « correlation of the burnout point as a function of parame- 
ters characterizing the liquid and the flow field. Attempts 
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at obtaining such a relation have, however, not been success- 
ful so far, and it is felt that further study of the mechanism of 
boiling heat transfer is required before satisfactory relations 
of this type can be derived. The investigation reported in 
this paper was concerned with a small part of this mechanism. 


2 Outline of the Problem 


The phenomena taking place in boiling heat transfer have 
been described by several authors (1, 2,3).5 Briefly, the proc- 
esses may be described as follows. At heat-transfer rates 
beyond the point of incipient boiling and up to the burnout 
point (between points A and C in Fig. 1), bubbles will appear 


| 
| 
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HEAT TRANSFER RATE (Btu/sq in-sec) 


PARTIAL COMPLETE 
NUCLEATE FILM FILM 
CONVECTION | BOILING BOILING BOILING 


WALL TEMPERATURE (°F) 
Fig. 1 Typical heat-transfer curve 


on the heat-transfer surface. These bubbles will then grow 
and collapse, or detach from the surface depending on the 
temperature of the bulk of the fluid. The number of bubbles 
that can be observed in unit time and per unit surface will in- 
crease as the heat-transfer rate is increased. When the bub- 
bles become so numerous that they effectively insulate the 
heating surface, burnout will occur. The general type of 
bubble activity remains the same anywhere between incipient 
boiling and burnout. The region between these two points is 
usually called the “nucleate boiling” region. The mechanism 
of nucleate boiling will then be the significant one in the study 
of the burnout point. For this study it is convenient to divide 
the process of nucleate boiling into three phases: the initial 


3 Numbers in parentheses refer to the References on page 12. 
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formation of the bubbles, the growth and collapse cycle, and 
finally the effect of the bubble motion on heat transfer. The 
present paper is concerned with the last of these aspects. 

It has been well established that the bubbles act to increase 
the heat-transfer rate between the surface and the liquid 
(e.g., 1, 2,3). There are several mechanisms which one could 
postulate to explain this increase. One suggestion, made 
by Tsien (4) has been that—at least for boiling heat transfer 
with forced convection—the bubbles act much in the same 
way as roughnesses. If this were the case, one would expect 
the friction coefficient Cr to increase as the heat transfer co- 
efficient Cy increases. It was the purpose of the tests re- 
ported herein to investigate the relationship between these 
two coefficients. 

On the basis of Reynolds’ analogy, relationships between 
these two coefficients have been developed for several cases of 
pipe flow (5). If the Prandtl number of the fluid in question 
is unity, this relationship reduces to the simple equation 


and this equation should hold for rough as well as for smooth 
pipes (5). If the Prandtl number differs from unity, one 
might still expect Equation [1] to be applicable, provided the 
roughnesses are large compared to the laminar boundary 
layer. The results of the present experiments will be com- 
pared to Equation [1]. 

The heat transfer from, and the pressure drop along, a tube 
under conditions of nucleate boiling have been previously 
measured in several cases (see, e.g., 6 and 7). In these tests, 
however, attention was directed mainly toward obtaining 
over-all pressure drops and heat-transfer rates, and the experi- 
ments were not designed for determining the afore-mentioned 
dimensionless coefficients. “Many of the tests were, e.g., per- 
formed with tubes of small diameters. In these instances the 
bubbles may have obstructed a large percentage of the total 
cross-sectional area and may have caused an increase in the 
effective velocity of the water. Without additional informa- 
tion, therefore, these pressure drop data could not be used for 
determining the friction and heat-transfer coefficients. 

In the present investigation similar experiments were car- 
ried out, but sufficient measurements of pressure and velocity 
were made so that the two coefficients could be computed at 
any point along the tube. Water was selected as a test fluid 
because it was most convenient and because all of its proper- 
ties are, of course, well known. 


3 Test Equipment 


The test section in which the simultaneous measurements of 
heat transfer and friction were carried out consisted of a 43-in. 
length of */s-in.-diam tube, with a wall thickness of 0.010 in. 
The tube was made of Type 304 stainless steel. The heating 
was done electrically by conducting d-c current through the 
tube walls. Only the 17 3/, inches of the tube near the down- 
stream end were used for heating and for measurements. 
The first part of the tube, corresponding to about 56 diam, 
was provided so that an equilibrium velocity profile would be 
established before any measurements would be taken. Three 


10 


0.058" DIA. 


0375" DIA — 
WALL 


FLOW——— 


OET. A 
Fig. 2 Sketch of test section 


pitot tubes of 0.058-in. OD were inserted in the test sec ion 
and mounted permanently at the center of the cross sect.on. 
The tubes were located at the ends and in the middle of the 
heated section. A sketch of the test section is shown in ‘"ig. 
2. The static orifices of the pitot tubes were used to deter- 
mine the static pressure along the test section. It was neves- 
sary to determine the static pressure in this manner, as read- 
ings from wall orifices were not believed to be reliable in the 
presence of bubbles. When the pressure drop is measure:! in 
this way, it has to be realized that it includes the loss due to 
the presence of the pitot tubes themselves. This part of the 
pressure drop has to be subtracted before the pipe friction 
coefficient proper can be computed. In order to determine 
the loss caused by the pitot tubes, two sets of measurements 
were made: one in the test section with pitot tubes installed, 
and one in an identical tube but without pitot tubes. Both of 
these tests were made at heat-transfer rates which did not 
cause boiling. The difference between these two measure- 
ments was taken as the loss caused by the pitot tubes. This 
loss was then subtracted from the pressure drop of the test 
section, both values being taken at the same flow rate. The 
heat-transfer rate seemed to have little effect on this loss and 
could be neglected. The pitot tubes were further used to 
measure the velocity head at the center of the test section. 
This measurement was taken as an indication of any velocity 
increase which might have been caused by the bubbles ob- 
structing the flow. Accordingly, the average velocity com- 
puted from the discharge rate was corrected by the ratio of the 
pitot tube readings obtained at a given flow rate with and 
without boiling. With the present test section of */s-in.-diam, 
this correction was never large and the above manner of ob- 
taining the average velocity was therefore believed to be ade- 
quate. 

The heat-transfer rate and the increase in water tempera- 
ture was taken to be linear along the tube. This assumption 
is satisfactory for the case of resistance heating of stainless 
steel. 

In addition to the pressure measurements, the wall tem- 
perature at the outside of the test section was measured at 
three locations. This was done by means of small thermo- 
couples clamped to the heated wall and insulated from the wall 
by thin mica sheets of approximately 0.001-in. thickness. The 
bulk temperature of the water leaving the heating section was 
measured downstream of a special mixing chamber. The 
bulk temperature of the water entering the test section was 
assumed to be equal to the temperature in the reservoir. 

The complete test circuit is shown in Fig. 3. The water is 
brought to the desired temperature in the reservoir K by 
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Fig. 3 Test cycle flow path 


— Test cycle flow path 
A, ‘hrottle valve; B, vent; C, receiver tank; D, test section; E, 
compressed nitrogen; F, pressure regulator; G, valve; H, circulating 
pump; J, pressure gage; K, reservoir tank; ZL, immersion heater; 
M, venturi flowmeter; .V, thermometer. 


means of two heaters L. During this process the water is 
circulated by pump H in order to obtain a uniform tempera- 
ture distribution. The valves G are then closed and the water 
is forced from the reservoir by compressed nitrogen at a pre- 
determined pressure which is controlled by the regulator F. 
The water then flows through the test section D into the re- 
ceiver tank C. The water flow rate is adjusted by setting the 
throttle valve A, and the rate is measured by the venturi meter 
M. The “blow-down” cycle was selected in preference to a 
continuous pumping cycle because pressure fluctuations can 
be maintained at a minimum in this way. This was believed 
to be necessary in order to be able to measure the relatively 
small pressure drop in the test section with reasonable ac- 
curacy. 


4 Experimental Results 


With the above installation several tests were performed, 
all at a constant flow rate of 0.73 lb/sec. This flow rate cor- 
responds to a velocity of approximately 18.5 ft/sec and to a 
Reynolds number between 1.4-3.8 X 105, depending on the 
temperature. Tests were carried out at three different levels 
of tank pressure (265 psia, 115 psia, and 65 psia), and the 
heat-transfer rate was varied in each case in steps up to 2.0 
Btu/in.? sec. The temperature of the water in the reservoir 
was adjusted to 80°F below the boiling point at the given 
pressure (i.e., 80°F “‘subcooling’’). Under these conditions 
boiling heat transfer occurred for transfer rates of approxi- 
mately 1.0 Btu/in.? see and higher. 

From the foregoing tests, the friction coefficient and the 
heat-transfer coefficient were computed locally, at various 
points along the test section. The friction coefficient is de- 
fined by the equation 


dp\ d’ 
Cr=-—(— 

2 
where (dp/dz) is the local pressure gradient, 7 is the adjusted 
average velocity, and p is the density. The diameter d’ was 
taken to be the diameter of the effective unobstructed cross- 


sectional area. Since this quantity cannot be measured di- 
tectly, it was substituted in terms of the mass flow m and the 
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FRICTION COEFFICIENT ) 
8 
= 


Ke) L5 20 
HEAT TRANSFER (Btu /sq in-sec), q/A 
Fig. 4 Friction coefficient vs. heat-transfer rate 


Test section pressure, 115 psia; local subcooling, 80 F. 


The expression for the friction coefficient then 


dp 


The gradient (dp/dx) was evaluated by fitting a parabolic 
curve to the experimental points of pressure versus distance 
along the tube, and by taking the slope of this fitted curve at 
the desired location. 

The heat-transfer coefficient Cy is given by the equation 


velocity V. 
becomes 


— ts) 

where q is the heat-transfer rate per unit area per unit time, c 
is the specific heat, t.: is the temperature at the inside of the 
tube wall, and t, is the local bulk temperature of the water. 
The method of determining each of these quantities has been 
discussed previously. 

The results of the experiments have been presented in two 
curves. The first (Fig. 4) shows the friction coefficient as a 
function of heat transfer at a given reservoir pressure and a 
fixed flow rate. The second (Fig. 5) shows one half of the 
friction coefficient as a function of the heat-transfer coeffi- 
cient for a variety of test conditions. 


5 Discussion and Conclusions 


The curve shown in Fig. 4 confirms the previously obtained 
results (6); i.e., in the nucleate boiling regime, the friction in- 
creases with the heat transfer. In preparing Fig. 4, however, 
the friction coefficient, rather than the over-all pressure drop, 
was selected as a criterion. The positive slope of this curve in 
addition verifies the concept that this increase in friction is— 
at least partly—due to an effect of the bubbles on the mo- 
mentum exchange. The increased over-all drop can, there- 
fore, not be explained solely by an increase in the average 
flow velocity caused by bubbles obstructing the flow passage. 

The simultaneous effect of the bubbles on the heat-transfer 
can be examined by considering a graph of one-half the friction 
coefficient (Cr/2) versus the heat-transfer coefficient Cy. 
Such a graph is shown in Fig. 5. The results shown were 
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FRICTION COEFFICIENT (SE) 


fe) 0002 Q003 0004 
HEAT TRANSFER COEFFICIENT (C,,) 
Fig. 5 One-half coefficient of friction vs. coefficient of heat 


transfer 
Tabulation on data for points shown in Fig. 5 
Symbol ¢t, q/A p Symbol ti p 

1 80 1.0 307 265 10 77 1.0 243 115 
2 80 1.5 307 265 11 68 1.5 243 115 
3 80 2.0 307 265 12 59 2.0 243 115 
q 82 1.0 307 265 13 80 1.0 200 65 
5 73 1.5 307 265 14 80 1.5 200 65 
6 64 2.0 307 265 15 80 2.0 200 65 
7 80 1.0 243 115 16 71 #1.5 65 
8 80 1.5 243 115 17 62 2.0 200 65 
9 80 2.0 243 115 


q/A, heat-transfer rate (Btu/in.? sec); 
p, tank pressure. 


ts, degree of subcooling; 
ti, inlet bulk temperature; 


taken at three different pressure levels, for a heat-transfer 
range from 1.0 to 2.0 Btu/sq in.-sec and for various degrees of 
subcooling. It can be seen that the experimental points de- 
fine as an average curve a line given approximately by the 
equation 

This, however, is the relationship which is obtained from 
Reynolds’ analogy either for the case where a laminar bound- 
ary layer at the heating surface is nonexistent, or for the case 
where the Prandtl number for the fluid is equal to 1.0. The 
Prandtl number of water varied between 1.0 and 2.0 for the 
range of bulk temperatures investigated. As the Prandt] 
number of the fluid was relatively close to 1, the question of 
whether or not the laminar boundary layer existed will have 
to be left undecided. In view of the results shown in Fig. 5, 
it can, however, be stated that the bubbles affect the heat 
transfer and the friction in the ‘‘same way,”’ within the mean- 
ing of Reynolds’ analogy. It appears, therefore, that the 
effect of the bubbles is a purely hydrodynamic one, acting on 
the turbulent exchange coefficients both for friction and for 
heat transfer. This is the same conclusion to which Tsien’s 
hypothesis (see Section 2) would also lead. 

For fluids with a Prandtl number different from unity and 
with bubbles of the order of the laminar boundary layer, the 
same hypothesis would of course still lead to a more compli- 
cated relationship between Cr and Cz than the one given above. 

In conclusion, it should be pointed out that the experiments 
covered a rather limited range of Reynolds numbers (140,000 
to 380,000) and that the flow velocities in all cases were proba- 
bly higher than the average bubble growth rates. At lower 
velocities and different Reynolds numbers, the nucleate 
boiling may have a different effect. This should certainly be 
true for boiling under free convection conditions, because in 
that case the bubble growth velocities should have a strong 
influence on the flow field. 
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An experimental study was conducted of the spreading 
and axial decay of free supersonic jets exhausting into 
quiescent air. This work involved the measurement of 
total pressures and temperatures downstream of two 
supersonic heated-air jets and three types of solid-pro- 
pellant rockets. Conclusions are drawn as to velocity, 
pressure, and temperature distributions downstream from 
the free, supersonic jet. Notable conclusions are: (a) 
nondimensional velocity and temperature profiles are 
similar for both the heated-air jet and the rockets; and 
(b) after the free supersonic jet decays to the sonic point, 
it can be treated as a normal shock-free parallel flow jet. 


Nomenclature 


= diameter, in. 

Mach number 

ambient pressure, psia 

total pressure, psia 

= measured impact pressure (P — p), psig 

= radial distance from the jet axis, in. 
temperature, °F or °R as stated 

temperature above ambient, 7’ — 7g, °F or °R as stated 
= velocity, ft/sec 

= axial distance downstream of the nozzle exit, in. 
ratio of specific heats, cp/cy 


we 
iu dl 


3 


ll 


Subscripts 


= conditions at nozzle exit 

j = jet extremity 

= maximum conditions in the jet stream at a particular 
downstream station 

= pertaining to a point in the jet stream where V/V», = 0.5 

= conditions at the tip of the supersonic cone 


Introduction 


ANY attempts have been made to develop a satis- 

factory theory for the mixing of a jet with quiescent 
ar. Significant contributions have been made by a 
number of scientists, among whom are Prandtl, Tollmien, 
Kuethe, Reichardt, Squire and Trouncer, Forstall and 
Shapiro, Corrsin, and the group at the Engineering Experi- 
mental Station, University of Illinois. The above sources, 
however, are almost completely concerned with low-speed, 
incompressible flows. The most significant attacks on the 
high-speed mixing problem are those of Pai (1)4 and Szablew- 
ski (2). The present study was made to determine the radial 
spreading and axial decay of supersonic jets exhausting into 
quiescent air. Basic parameters were determined by using a 
supersonic, heated-air jet at exit Mach numbers of 1.40 and 
84. To extend and correlate the heated-air testing into a 
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higher Mach number and temperature region, three different 
types of solid-propellant rockets were tested. 

It is understandable that the decay in the supersonic region 
will be greatly complicated by shock and expansion-wave 
interactions, which in turn are functions of nozzle design, 
Reynolds number, etc. A satisfactory theoretical descrip- 
tion of the flow in this region is practically impossible, but 
since the main interest in this particular instance centers 
around the flow conditions after decay to subsonic speeds, 
the premise herein is that below the sonic point the theoretical 
concepts involved in the available theories are again adequate 
and may suitably describe the flow. 


Design Conditions 
A Heated Air Jet 


The discharge from air compressors was led via an accumu- 
lator tank to a can-type combustor and plenum chamber 
configuration, where the temperature was raised by the com- 
bustion of gasoline to a maximum of 2200 F. 

The air supply was obtained by using two Ingersoll-Rand 
109-psig, 500-cfm compressors placed in parallel, giving a total 
of 1000 cfm at 100 psig. To provide pressure stability of the 
air supply, the air from both compressors was shuttled through 
an air-accumulator tank, the air being taken from this tank 
and conducted to the combustor. In order to regulate the 
intake air, two remote-controlled by-pass gate valves were 
connected to the air supply between the accumulator tank 
and the combustor. 

To provide uniform nozzle-entrance flow conditions, a 
plenum chamber was used with a baffle inserted to reduce 
flow stratification and provide more even flow at the nozzle 
entrance. Since the mean Mach number in the chamber 
downstream from the baffle is approximately 0.006 at the 
design condition, the ratio of total to static pressure and tem- 
perature is nearly 1. Thus the plenum chamber afforded an 
ideal location for the measurement of nozzle-entrance total 
pressure and total temperature. Chamber temperatures at 
which tests were conducted were 740, 1000, 1500, and 2200 F. 

Two different nozzles were used for the tests: one de- 
signed for correct expansion at a Mach number of 1.84 and a 
temperature of 1500 F, and the other for correct expansion at 
a Mach number of 1.40 and a chamber temperature of 1500 F. 
The design criteria of the nozzles called for the expansion 
half-angles (20 deg) and the exit diameters (1.405 in.) to be 
the same. No attempt was made to refine the nozzle design 
for parallel and shock free flow since the test results were 
intended for comparison with propulsive nozzles. Such 

nozzles normally have a simple divergent section down- 
stream of the throat. The nozzles of the solid propellant 
rockets tested were of this type, having divergence half-angles 
of from 15 to 30 deg. 

To record jet-exhaust pressures and temperatures, an 
instrument carriage carrying single total-temperature and 
total-pressure probes and capable of moving vertically and 
horizontally was used. The total temperature probe was a 
single-shielded no. 22 chromel-alumel thermocouple. The 
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shield had a '/,-in. OD and a wall thickness of 0.03 in. Four 
1/,,-in. diam bleed holes were equally spaced around the base 
of the shield. The instrument carriage was geared to provide 
a probe travel of approximately '/; in. per sec. This low 
speed was necessary in order to allow the temperature probe to 
remain in equilibrium under actual jet conditions. 

A sprocket and microswitch arrangement was used to 
record the position of the probes. The electrical impulses 
from the microswitches were fed into a Consolidated oscillo- 
graph. The sprocket size and oscillograph paper speed were 
chosen to give an over-all accuracy of position of +0.05 in. 


B_ Rocket 

Three types of solid-propellant rocket motors were tested. 
Due to the security classification regarding these rocket 
motors, the rockets tested will be designated only by number. 
The chamber temperatures of the rockets tested were in the 
vicinity of 3500 F. 

Rocket 1 was used extensively in the rocket testing, 
mainly because of its ready availability. The diameter of 
the nozzle exit is 2.00 in., the expansion angle 30 deg, and the 
exit Mach number, 3.53. Rocket 2 has an exit Mach number 
of 2.82, a nozzle-exit diameter of 2.59 in., and an expansion 
angle of 15 deg. Rocket 3 has an exit Mach number of 3.42, 
a nozzle-exit diameter of 2.56 in., and an expansion angle of 
25 deg. 


Results of Supersonic Free Jet Decay 
A Radial Spreading 


From the traverses of the instrument carriage, profiles of 
pressure and temperature versus radial distance were obtained. 
These profiles were placed on a nondimensional basis by (a) 
placing abscissa values of pressure, temperature, and velocity 
on a ratio basis with their respective maximum values existing 
on the jet axis (i.e, V/V,,, and AT’/AT,,), and (b) 
dividing ordinate values of distance (r) from the jet axis by 
the quantity ro which is the radius at which V/V,, equals 0.5 
for each respective profile. This method of data presentation 
was used by Corrsin (3). The results of these velocity pro- 
files in the subsonic portion of the jet (Fig. 1) are impressed 
on the Prandtl momentum-transfer-theory-distribution curve 
(3) from which close agreement can be seen for both the heated- 
air jet and rocket tests. For a complete determination of jet 
radial profiles, curves of g/g, versus r/ro and AT/AT,, versus 
r/ro are given in Figs. 2 and 3. The solid lines shown in the 
pressure and temperature curves represent the composite lines 
of all the respective heated-air jet data. The maximum dis- 
tance at which profiles were taken was 122.5 diam. 
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Fig. 1 Radial velocity profile compared with theory 
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Fig. 3 Radial temperature profile 


At the many points downstream that pressure and tem- 
perature, and hence velocity, profiles were obtained, an ~ 
corresponding to each profile was established. Dividing these 
values of ro by r,, the radius of the nozzle exit, and dividing 
the downstream distance z by d,, the diameter of the nozzle 
exit, nondimensional curves of ro/r, versus 2/d, result, which 
give the jet radial spreading downstream of the nozzle exit. 
These curves are given in Fig. 4. It should be noted that the 
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Fig. 4 Spreading characteristics of the jet radius at half-maxi- 
mum velocity 
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spreading curves approach a limiting curve with increase of 
Mach number, over the range of Mach numbers tested. For 
all five supersonic Mach numbers tested, each spreading 
curve had a slope of +1.16. 


B Axial Decay 


Maximum values of pressure (q,), temperature (AT’,,), 
and velocity (V,,) were obtained at positions downstream of 
the nozzle exit. The above values when plotted versus 
downstream distance represent the jet axial decay. Non- 
dimensional ratios were obtained by dividing these values 
by the corresponding pressure (q.), temperature (AT7’.), and 
velocity (V.) conditions at the nozzle exit. Fig. 5 shows the 
nondimensional axial-pressure-decay curves for the respective 
supersonic jets. The quantity g. is the pressure existing 
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Fig. 6 ‘Temperature decay on jet axis 
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downstream of a normal shock at the nozzle exit and is the 
pressure that would be indicated by a total pressure probe 
placed at the nozzle exit. The unique linearity of the axial 
decay parameters when plotted on log-log paper led to the 
selection of these coordinates for the axial decay curves. 

Nondimensional axial-temperature-decay curves are shown 
in Fig. 6. The results are clouded by the influence of rocket- 
exhaust gas combustion downstream of the nozzle exit, which 
exists spontaneously in rocket 2 and can be produced in rocket 
3. This combustion tends to shift the temperature decay 
curves downstream. 

The determination of nondimensional axial-velocity-decay 
curves requires a more detailed analysis. The velocity decay 
in the supersonic region involves a knowledge of static pres- 
sure gradients, which were not investigated. The discussion 
therefore, is limited to the velocity decay beyond the super- 
sonic core. For our consideration, the only important charac- 
teristic of the supersonic core is its length, which has been 
found to be correlated with jet-exit Mach number. A direct 
method of determining this length from the observed stag- 
nation pressures along the axis is to consider the isentropic- 
pressure Mach-number relationship: 

Pp 


y¥-1 
2 


Knowing that M = 1.0 at the tip of the supersonic core, the 
value of P at which the axial pressure ratio p/P is equal to 
the critical pressure ratio (0.528 for air) indicates the location 
of the core tip. It is assumed that at the sonic point the 
static pressure is ambient. 

The curve of the length of the supersonic core (x/d,)s, 
versus Mach number, as determined by the foregoing method 
is given in Fig. 7. Two additional valuable points on down- 
stream pressure decay of a supersonic air jet were furnished 
by an independent source, Reference (4), one at a Mach 
number of 1.96 and the other at a Mach number of 3.42. 
The 1.96-Mach-number jet was heated to a total temperature 
of 260 F before discharge, but the 3.42-Mach-number jet had a 
total temperature equal to ambient. Therefore, in this in- 
stance the static temperature after discharge was very low. 
From the 1.40-Mach-number tests it can be seen that tem- 
perature has a slight effect on this curve, but not enough to be 
critical. 

From the sonic point downstream it appears that the jet 
can be treated as a normal shock-free parallel flow jet with an 
exit diameter determined from the spreading curves of Fig. 4. 
Knowing the axial pressure and temperature at the sonic 
point from Figs. 5 and 6, the velocity V, can be computed. 

(Continued on page 25) 
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The Mechanics of Film Cooling —Part 2 


wh 
ELDON L. KNUTH? the 
Daniel and Florence Guggenheim Jet Propulsion Center, California Institute of Technology, Pasadena, Calif. . ‘ 
tree 
Thin liquid wall films flowing under the influence of 7 = film thickness averaged with respect to z and ¢ tive 
high-velocity turbulent gas streams were studied for the n* = pis ity, 
purpose of obtaining an understanding of the mechanics 6 = oxidizer specific concentration (weight of oxidizer per unit § 0D 
of film cooling. Conditions which insure liquid-film total weight ) lam 
attachment to solid surfaces without loss of unevaporated x = dynamic viscosity gas 
liquid to the gas stream when simple radial-hole injec- e: oe ed t tral 
tors are used were found; the maximum allowable coolant- 4 of tl 
flow rate for a stable coolant film was determined (a stable voly 
coolant film is obtained when no unevaporated coolant Subscripts trea 
is entrained by the gas stream as the result of interfacial — driv 
disturbances); and a method for calculating the evapora- A aR gible 
: 4 Lf = liquid in the film dise 
tion rate and the surface temperature for a stable inert Li = liquid in the injector orifice t 
coolant film was found. M = mixture of gas and vapor i 
0 = bounding surface of gas stream (a liquid film surface or af P&™ 
Nomenclature duct wall) 
s = saturation conditions corresponding to 7 givel 
a = velocity of sound t = total latio’ 
Cp = specific heat at constant pressure V = vapor poro 
Ca = modified cavitation parameter 6 = junction of turbulent core and laminar sublayer in gas§ js giy 
Cy = gas-stream friction coefficient stream Ge 
Cn = gas-stream, heat-transfer coefficient co = bulk property or average velocity ‘iain 
Cm = gas-stream, mass-transfer coefficient temp 
4 diffusivity 5 Evaporation From Stable Liquid Wall gene! 
F i a evaporation coefficient Films into Heated Turbulent Gas Streams basec 
H = enthalpy ; 4 equat 
AH = coolant heat of vaporization A Previous Studies culati 
4 Of the several works published in recent years on evapora-§ 
= liquid-film or test-section lengt Agen, 
ry = mass transfer per unit area and per unit time tion from annular liquid wall films into heated turbulent gasf°"“. 
p = pressure streams, only the most comprehensive papers are reviewel Ki 
Pr = Prandtl number here. These are the theoretical paper by L. Crocco (15) and ine 
q = heat transfer per unit area and per unit time by conduction the experimental paper by Kinney (13); both papers ap-—'*° 
r = distance from the center line of the pipe peared in 1952. cooled 
R = gas constant Crocco extended Rannie’s (16) approximate theory oi — 
porous-wall cooling for inert coolants to porous,’ sweat, and na 
c = Donaudt nunwher film cooling for the case in which the coolant itself is reactive the th 
= temperature ith the h The liquid film eport 
y «velocity in the #-direction with the hot gas stream. The liquid film was assumed to be soled 
stable, and axial gradients were neglected in comparison 
ee adial gradients. Crocco divided the gas stream into two ref time 
radial gradients. Crocco divided the gas stream into two 
ions: tral turbulent core where the gas ( 
= liquid velocity averaged over cross-sectional area of 
injection orifices affected by the addition of mass at the boundary, and af" 
w = oxidizer transfer per unit area and per unit time laminar sublayer adjacent to the boundary where all the » Th 
y =distance into gas stream from gas-stream bounding effects of mass addition are confined. (The boundary re 
surface measured perpendicularly to bounding surface ferred to may be either a liquid-gas interface or a porous wallf 4 ¢h 
y* = poV 70/0 y/us the choice depending upon the type of cooling which is em-fstable ; 
IT = liquid flow per unit time and per unit length of tube cir- ployed.) In the turbulent core, the Reynolds analogy wasftully di 
cumference extended to read rented. 
6 gas-stream laminar sublayer thickness 
= f, (1/uar) dy where 0 is the oxidizer specific concentration (weight of oxidizeBhat th. 
per unit total weight), w is oxidizer transfer per unit area anf that 
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per unit time, His enthalpy, gis heat transfer per unit area an(fire piv. 
per unit time, the subscript © refers to bulk properties Ofaminar 
average velocity, the subscript 6 refers to the junction of théheratur 
laminar sublayer and the turbulent core, and the subscript Blthoug 
refers to total (indicating that chemical energy, but no'Bhe hot 
kinetic energy, of the fluid should be included). The thicknes$btaine; 


8 Crocco defined porous cooling as “cooling through a poroll loyed | 
wall with a gas or a liquid vaporized before entering the wall} Assun 
and sweat cooling as “cooling through a porous wall where thbtain v 
coolant is liquid throughout the wall.” he follc 
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of the laminar sublayer in the gas stream 6 was given by the 
relation 


po te/pab 
am 


[2] 


where a bar over the symbol for a fluid property indicates that 
the appropriate averaged quantity should be used. (Equation 
[2] was extended, in the absence of better information, from 
Prandtl’s assumption for isothermal pipe flows.) Crocco 
treated the Schmidt and Prandtl numbers (equal, respec- 
tively, to u/pD and c,u/k, where D is molecular mass diffusiv- 
ity, cp is specific heat at constant pressure, and k is thermal 
conductivity) as invariants with respect to distance in the 
laminar sublayer. He further considered the combustion 
gases to be diffused as a whole, the driving potential for mass 
transfer to be specific concentration, and the reaction times 
of the mixtures to be short in comparison with other times in- 
yolved. Remarks are made in section 5-B concerning this 
treatment of the turbulent core and assumption concerning the 
driving potential for mass transfer. The assumption of negli- 
gible axial gradients in comparison with radial gradients is 
discussed in section 5-C. 

Subsequently Crocco obtained a relation between the tem- 
perature of the boundary (either a liquid-gas interface or a 
porous wall) and the rate of mass addition at the boundary for 
given gas-stream conditions and coolant properties. This re- 
lation permits the wall temperature to be determined for 
porous cooling when the rate of mass addition at the boundary 
isgiven, or the evaporation rate to be determined for sweat or 
film cooling if the liquid-film temperature is known. (Crocco 
assumed the liquid-film temperature to be equal to the boiling 
temperature of the liquid under the prevailing pressure. A 
general method for calculating the liquid-film temperature, 
based on a proposed extension of the wet-bulb-thermometer 
equation, is included in section 5-A.) Results of numerical cal- 
culations for gasoline and for water, both of which were 
evaporating into products of combustion of gasoline and oxy- 
gen, were presented. 

Kinney reported on investigations of liquid-film cooling in 
straight horizontal tubes. The results of the experiments 
were plotted on a single curve which relates the length of 
cooled surface with the coolant-flow rate when gas-stream 
parameters and fluid properties are specified. 

In a comment (17) on Crocco’s paper, Abramson compared 
the theoretical results of Crocco with the experimental results 
reported by Kinney. The theory predicts a greater liquid- 
woled length for all coolant-flow rates than were observed ex- 
perimentally; only the large deviations at high coolant-flow 
tates (the result of film instability) were explained by Abram- 
son. 


B Theoretical Analysis 


A theoretical analysis of the mass-transfer process from a 
stable annular liquid wall film flowing under the influence of a 
fully developed turbulent heated gas stream in a duct is pre- 
ented. The purpose is to show the relative importance of 


Pie several parameters which affect the evaporation rate and 
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fo determine the magnitude of the evaporation rate for given 


uid properties and gas-stream parameters. It is believed 
hat the analysis presented here differs from previous analyses 
i that the effects of mass addition on transport phenomena 
We given consideration in the turbulent core as well as in the 
aminar sublayer of the gas stream and the surface tem- 
trature of the liquid film is calculated instead of estimated. 
though the case in which the coolant itself is reactive with 
te hot gas stream is not analyzed explicitly here, the results 
btained may be extended in a manner analogous to that em- 
loyed by Crocco to extend Rannie’s work. 

Assumptions. In order to facilitate computations (and still 
btain useful results), a model will be considered which has 
1¢ following characteristics: 1 Variations with respect to 
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time may be neglected. 2 The effects of body forces may be 
neglected in comparison with the effects of viscous and inertia 
forces. 3 Work done by viscous and pressure forces may be 
neglected in comparison with heat transferred because of 
temperature gradients. 4 Mass transfer due to temperature 
gradient may be neglected in comparison with mass transfer 


due to partial-pressure gradient. 5 The liquid-film surface 
velocity may be neglected in comparison with the average gas 
velocity. 6 The gas stream may be divided into two regions: 
a center core in which the fluid flow is predominantly turbu- 
lent and a laminar sublayer (adjacent to the liquid film) in 
which the fluid flow is predominantly laminar. (Comparisons 
of heat-transfer rates obtained for turbulent pipe flows with 
heat-transfer rates predicted by the Prandtl-Taylor equation 
justify such a division into two regions when the Prandtl and 
Schmidt numbers do not vary from unity by more than a fac- 
tor of 2. Most gases satisfy this restriction.) 7 Axial varia- 
tions in the gas stream are small compared with radial varia- 
tions, and the laminar sublayer thickness of the gas stream is 
small compared with the pipe diameter. These features per- 
mit the assumption that transfer processes in the laminar sub- 
layer are one-dimensional. 8 The heat which is transferred 
to the liquid film from the hot gas by convection and con- 
dution is equal to that required for vaporization of the 
liquid. (This characteristic is attained if all liquid which 
leaves the film is in the vaporized form (i.e., the film is stable) 
and if the net heat which is transferred to the liquid film by 
radiation is equal to the heat which is transferred from the 
liquid film to the duct wall plus the heat which is required to 
warm the liquid from the injection temperature to the 
evaporation temperature. In many cases, these three heat 
quantities are negligible in comparion with the heat required 
for vaporization of the liquid.) 9 The eddy heat diffusivity, 
eddy mass diffusivity, and eddy viscosity are equal in magni- 
tude. 10 Mass diffusion in the laminar sublayer may be 
treated as a binary process even when more than two molecu- 
lar species are present. Such a treatment is nearly correct 
unless the gas stream contains large concentrations of species 
having widely different molecular weights, e.g., large quantities 
of hydrogen and carbon dioxide. (This simplifying assump- 
tion is not necessary for the turbulent core since the mass dif- 
fusion in the turbulent core is the result of macroscopic mixing 
rather than molecular processes.) 

Solution of the Problem. Steps in the solution of the problem 
will include (a) the derivation of heat-, mass-, and momentum- 
transfer relations in the laminar sublayer, (b) the postulate of 
an extension of the Reynolds analogy to heat mass, and mo- 
mentum transfer in the turbulent core of two-component 
turbulent pipe flow with unidirectional radial diffusion, and 
(c) the combination of results of a and 6 in order to obtain the 
desired relations between evaporation rate, fluid properties, 
and gas-stream parameters, applicable to stable annular liquid 
wall films flowing under the influence of fully developed heated 
turbulent gas streams when entrance effects are negligible. 

First, consider the laminar sublayer. Since evaporated 
coolant is not being stored in the laminar sublayer, it follows 
immediately that m is not a function of y in the laminar sub- 
layer, where y is distance into the gas stream from the liquid- 
gas interface measured perpendicularly to the film surface. 
Furthermore, assumption 8 implies that heat transferred by 
conduction across the liquid-gas interface is equal to —mAH, 
where A// is coolant latent heat of vaporization. Hence, one 
may write the heat, mass, and force balances for the laminar 
sublayer in the forms 
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where R is the gas constant. (Note that the driving potential 
for mass transfer is taken properly to be partial pressure in- 
stead of specific concentration; this treatment is essential 
when the molecular weight of the coolant differs greatly from 
that of the hot gas.) Rearrangement of Equations [3], [4], 
and [5] and integration between the limits 0 and 6 yield the 
relations 


AH HM) 
Ru ( = — tid’ 
— In | ——— } = Scy —............ 7 
Ry P— Pvo 
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where Pr is Prandtl number, Sc is Schmidt number, and 


Equations [6] through [9] describe completely the relation- 
ships between conditions at the liquid-gas interface and con- 
ditions at the junction of the laminar sublayer with the tur- 
bulent core. 

Second, consider the turbulent core. A logical extension of 
the Reynolds analogy (see Ref. 18 for Reynolds’ statement of 
the hypothesis) to heat, mass, and momentum transfer in the 
turbulent core of nonreacting, two-component pipe flows with 
unidirectional radial diffusion must specify that the rate of 
radial momentum transport at any point of the flow field 
under consideration bears the same relation to the gradients 
which produce momentum flow as the energy-transfer rate 
bears to the gradients which produce energy flow and as the 
mass-transfer rate bears to the gradient which produces mass 
flow. Whether heat and momentum carried in the radial 
direction by the diffusing vapor should or should not be in- 
cluded in an analogy of this type is not apparent immediately. 
However, since velocity, temperature, and partial-pressure 
profiles are joined most smoothly at the junction of the 
laminar sublayer and turbulent core when heat and momen- 
tum carried by the diffusing vapor are considered in the tur- 
bulent core as well as in the laminar sublayer, it seems reasona- 
ble that the effects of mass diffusion on heat and momentum 
transfer in the turbulent core should be included in the pro- 
posed Reynolds analogy extension. (Obviously, as was the 
ease for Reynolds’ original hypothesis, the merits of this sug- 
gestion can be established conclusively only by experimental 
means.) Following this suggestion, the extension of the 
Reynolds analogy to heat, mass, and momentum transfer in 
the turbulent core of two-component turbulent pipe flows 
with unidirectional radial diffusion is postulated to be 


ms Gs + CpyT ams 
p d dT > @ 
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(See Appendix B of Ref. 2 for the identification of m, g, and r 
with time averages of turbulent fluctuations.) Equations [10] 
differ from Crocco’s extension of the Reynolds analogy in that 
consideration has been given the effects of mass addition on 
transport phenomena in the turbulent core and that the 
driving potential for mass transfer is taken to be partial pres- 
sure. For given boundary conditions, Equations [10] pre- 
scribe completely the relations between heat, mass, and 
momentum transfer in the turbulent core of the model being 
considered. 

The combination of the results of the previous two para- 
graphs will provide now the desired relations between evapora- 
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tion rate, fluid properties, and gas-stream parameters. Noting § o 


that at y = 6 Equations [3], [4], and [5] read ca 
ds = — — T)......... (11) 
in’ 
fou 
one may rearrange Equations [10] to read she 
(es 
R 
—din(p — pv) = din [AH + — To)] = inf 
Ry tio! 
(179 + mou)... {14} dic 

which, when integrated between y = 6 and a point far into the , 
turbulent core, yield witl 
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Substituting from Equations [6], [7], and [8] in Equations aa 
[15], 
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(Note that when Pry = Scy = 1, Equations [16] and [17] 
are identical with the results which one obtains when the §- 
Reynolds analogy is applied to the entire gas stream including |" : 
use O 


the laminar sublayer. This state of affairs is in accord with 
the premises upon which the Reynolds analogy was extended.) 
Equations [16] and [17] provide the desired relations be- 
tween evaporation rate, fluid properties, and gas-stream 
parameters. 
However, before Equations [16] and [17] can be used con- oe 
veniently for the calculation of the evaporation rate for given or fic 
fluid properties and gas-stream parameters, the shear stress at 
the liquid-gas interface 7», the gas-stream laminar sublayer 
thickness 6’, and the vapor pressure at the liquid-gas interface 
Pv, must be related to easily manipulated parameters. Con- 
sider the shear stress 7». Not enough experimental data con-§[p the 
cerning turbulent pipe flows with mass addition at the wallfrelatic 
are available to permit one to make a precise prediction of thefin the 
value of 7» for given gas-stream and mass-addition parameters.Bayer-t 
Hence, assume [with Rannie (12)] that the shear stress 7; at proper 
the junction of the laminar sublayer with the turbulent cor Pro, 
is unaffected by mass addition at the wall and is the same asfing th, 
for ordinary turbulent pipe flows, i.e., that 75 can be relatedfihe ey; 
to the gas-stream parameters and the‘drdinary pipe-flow frie: 
tion coefficient C, by 


Equat 


ity), 
The consequence of this assumption is that 79 is now related resp 
to gas-stream and mass-addition parameters by licate 1 
hay be 


2 

a relation which includes a simple correction for mass-additio! 

effects and which reduces to the ordinary pipe-flow relatiolfhere , 

when the mass-addition rate vanishes. It is suggested thalfapor r 

C; be taken to be the friction coefficient corresponding hity 9 
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ordinary turbulent flows in smooth pipes when performing 
calculations for stable films. [Abramson’s remark (17) imply- 
ing that friction coefficients for stable liquid wall films are 
greater than those for smooth pipes is not well founded; the 
investigations referred to by Abramson, namely, those ex- 
amined by Lockhart and Martinelli (19) and Bergelin (20), 
were conducted with liquid flows considerably out of the range 
found in stable liquid wall films.] This treatment of the 
shearing stress 7) will most certainly have to be modified 
(especially for large evaporation rates) when more complete 
information is available concerning the effects of mass addi- 
tion on turbulent flows. In the meantime, Equation [19] in- 
dieates the trend of the effects of mass addition on shearing 
stress at the wall. 

In analogy with ordinary turbulent pipe flows, identify 6’ 
with the dimensionless laminar sublayer thickness 6* by 
means of the defining relation 


73/506" 


= 


« that the factor rid’/uy, which appears in Equations [16] 
and [17] may be written in the form 


HM) VC, 


Here 6* is a parameter which cannot be evaluated except by 
experiment. But the laminar sublayer thickness for flow when 
mass is added at the wall has not been determined experi- 
mentally. Hence, a simple extension from results of ordinary 
pipe-flow experiments will be made. Prandtl (21) found that, 
for ordinary turbulent pipe flows, the assumption 
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Un 
fits the experimental results; this assumption has led to the 
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ir ordinary turbulent pipe flows. The simplest assumption 
for flows with mass addition at the walls which reduces to 


Equation [23] in the case of flow with no mass addition is 
pa V [24] 
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In the absence of better information, it is suggested that this 
lation be used. Note that the treatment of variable viscosity 
in the gas-stream laminar sublayer provides for laminar-sub- 
hyer-thickness corrections due to the effects of variable fluid 
properties in the direction suggested by Reichardt (22). 
From the kinetic theory of gases (23) the relation connect- 
ig the vapor pressure py,, the surface temperature 7’, and 


the evaporation rate rio from the surface is 
[25] 
2rRyT> 


here f is the evaporation coefficient (equal to or less than 
ity), and the subscript s refers to saturation conditions 
responding to the surface temperature 7’. In order to in- 
licate the relative magnitudes of py, and py,, Equation [25] 
lay be rearranged into the form 


PVo 


here vy is the diffusion velocity in the y-direction of the 


1 thalfapor relative to the evaporating surface, and ay is the ve- 
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ity of sound in vapor. Parameter values typical of those 
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encountered in a film-cooling application are f = 0.04 (23), 
vv. = 1.3, and (v/a)y, = (1/1750). For these parameter 
values, Equation [25a] reads 


1 V2"x13 
PVs 1750 (0.04 


where py, is a known function of 7 (see, e.g., Ref. 24 for 
tables of experimental data or use Clausius-Clapeyron equa- 
tion). The relating of the unwieldy parameters 79, 6’, and 
py, to easily manipulated parameters is now completed, and 
Equations [16] and [17] may be written in the convenient 
form 
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They provide the desired relationship (implicit, to be sure) 
between evaporation rate (or, alternatively, liquid-film surface 
temperature), fluid properties, and gas-stream parameters. 

Discussion of Solution. Since Equations [27] and [28] re- 
duce to 


1 2 2 
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as mito and py approach zero, where the gas-stream, heat-trans- 
fer coefficient C, and the gas-stream, mass-transfer coefficient 
Cy are in this case defined by 
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it is proposed that Equations [27] and [28] are extensions of 
the Prandtl-Taylor equation to heat transfer and mass trans- 
fer in the case of film cooling. 

Note also that, for relatively small temperature and vapor- 
pressure differences, one may eliminate the evaporation rate 
from Equations [27] and [28] to obtain 
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Compare this approximate equation with the semi-empirical, 
wet-bulb-thermometer equation (valid for small temperature 
differences and small vapor pressures) 
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where 
[35] 
P — Pv, Pr, Re AH 
is the wet-bulb-thermometer equation presented by Lewis 
(25), and 
0.56 
[36] 
Pry 


is a modifying function based upon the correlation presented 
by Bedingfield and Drew (26) for data which were obtained 
with Schmidt numbers from 0.60 to 2.60 and Prandtl number 
equal to 0.70. (Although Klinkenberg and Mooy have given 
the name Lewis number to the ratio Sc/Pr in Ref. 27, this 
nomenclature is not used generally in current literature.) If 
the derivation leading up to Equation [33] is correct, then the 


theoretical factor 


should be equal approximately to the empirical factor (Equa- 


ticn [36]) 
Sew 
Pru 


for the parameter values upon which the exponent 0.56 was 
based. A precise comparison of factors [36] and [37] cannot 
be made since C; is not known precisely for the test conditions 
corresponding to the data examined by Bedingfield and 
Drew. However, one can make a reasonable approximate 
comparison by noting that, for adiabatic pipe flows at rela- 
tively low Reynolds numbers with no mass addition at the 
wall 


C; 0.0791 1 


and then by accepting this approximation as being also a 
reasonable approximation for general flows when low mass- 
transfer rates and small temperature gradients exist (as was 
the case in the tests corresponding to the data examined by 
Bedingfield and Drew). Subsequent calculations based on 
this approximation indicate that the value of factor [36] 
differs by only an insignificant amount from the value of fac- 
tor [37] for Schmidt numbers from 0.60 to 2.60 and Prandtl 
number equal to 0.70. Hence, it is proposed that Equations 
(27] and [28], taken collectively, constitute an extension of 
the wet-bulb-thermometer equation to the case when rela- 
tively large temperature and partial-pressure gradients occur. 

Confusion exists in current literature concerning the value 
of the surface temperature of a liquid film flowing under the 
influence of a heated gas stream. (It is important especially 
to know the value of this temperature when calculating values 
of the fluid properties at the gas-liquid interface.) Several 
authors have assumed the liquid-film surface temperature to 
be equal to the boiling temperature of the liquid under the 
prevailing static pressure in the duct; this assumption is per- 
haps an erroneous generalization of the observation that the 
surface temperature of a film evaporating into an atmosphere 
consisting of only its own vapor is very nearly equal to the 
boiling temperature of the liquid under the prevailing pres- 
sure. Such a generalization is not valid when the atmosphere 
into which the liquid film is evaporating contains gases other 
than the vapor corresponding to the liquid in the film (as is 
usually the case for film cooling); actually, the following 
statements hold: 1 The liquid-film surface temperature is 
very nearly equal to the boiling temperature of the liquid 
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when under a pressure equal to the prevailing interfacig| 
vapor pressure (see Equation [25a]). 2 The prevailing inter. 
facial vapor pressure is less than the static pressure in the 
duct (and consequently the liquid-film surface temperature js 
lower than the boiling temperature of the liquid when unde, 
a pressure equal to the static pressure prevailing in the duct) 
provided that the ratio u./ 7 is not infinite and that py, is 
not equal to p (see Equation [17]; do not forget assumption 
8 


To indicate the effects of several parameter variations on 
the evaporation rate ri and the liquid-film surface tempers. 
ture To, the curves which are presented in Figs. 9 and 10 haye 
been prepared. The figures indicate that, when efficient 
coolant usage is required for given gas-stream parameters, it 
is desirable that the coolant have a high specific heat ind , 
large heat of vaporization. 

Since it is not possible, in general, to obtain explicit rels- 
tions for either the evaporation rate mo or the film surface 
temperature 7’) from Equations [27] and [28], curves such as 
are presented in Figs. 9 and 10 are found to be useful aids in 
the determination of rio and/or Ty for given fluid properties 
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Fig. 9b Mass-flow ratio vs. heat-transfer parameter for 10k 
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Fig. 9c Mass-flow ratio vs. heat-transfer parameter for several 
values of ¢5,,/Cpy 
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lig 10a Mass-flow ratio vs. mass-transfer parameter for sev- 
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10b Mass-flow ratio vs. mass-transfer parameter for sev- 
eral values of Sc,, 
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Fig. 10c Mass-flow ratio vs. mass-transfer parameter for sev- 
eral values of 


and gas-stream parameters. The following procedure is sug- 
gested for obtaining the solution to a general evaporation 
problem: 1 For the given fluid properties and friction co- 
efficient, prepare a curve of poe VS. Cpy(T2 — To)/AH 
and a curve Of pata VS. (Py, — Pva)/(p — calculat- 
ing Cpy(T'2 — To)/AH and (py, — pv..)/(p — pv.) for selected 
values of 1%10/poUa. 2 Estimate the value of Ty and calculate 
Cpy(T0© — To)/AH based on this estimation. [Note, for rela- 
tively large values of T=, that ¢p,(T'~2 — T>)/AH varies much 
more slowly with variations in 7) than does (py, — Pve)/- 
(p — py,).] 3 Read mo/p.u from the appropriate prepared 
curve, using the value of cp,(7’~2 — To)/AH calculated in step 
2. 4 Read (py, — pv.)/(p — pv.) from the appropriate pre- 
pared curve, using the value of 1/paU obtained in step 3. 
5 Calculate 7) corresponding to the value of (py, — pv..)/(p 
— py,) obtained in step 4. 6 If the value of ¢,,(T. — To)/ 
AH based upon the value of 75 as calculated in step 5 is ap- 
preciably different from the value of ¢,,(7'~2 — T>)/AH based 
upon the value of 7) as estimated in step 2, then repeat steps 
3, 4, and 5 using the corrected value of ¢p;(T2 — T)/AH. 
Such iteration is unnecessary usually when 7’. is relatively 
large; then ¢py(7'~2 = To)/AH is a very slowly varying func- 
tion of To, and (py, — pv..)/(p — pv.) is a very rapidly vary- 
ing function of 7». 

Note that calculations are simplified greatly in the event 
that the Prandtl and Schmidt numbers are nearly equal. In 
this case the following procedure is suggested for obtaining the 
solution to a given evaporation problem: 1 Eliminate the 
evaporation rate from Equations [27] and [28] to obtain a 
relatively simple relation between 7. and functions of 7’ 
(which relation is independent of flow parameters) 


Com — Ru ( PV; PVo 
— In{ 1 + ] = — n{ 1 + 
n( + AH B\it [39] 


Prepare curves of 7) vs. T. and a curve Of 1it/poto VS. 
— T>)/AH for the given conditions, calculating T. 
for selected values of and — for selected 
values of 1/poteo. 2 Read T> from the appropriate pre- 
pared curve, using the given value of 7’... 3 Calculate ¢3,(T'o 
— T)/AH, using the value of T) obtained in step 2. 4 Read 
tio/pote from the appropriate prepared curve, using the 
value of Gpy(T'2 — T)/AH calculated in step 3. 

Evaporation rates predicted by Equation [27] of this paper 
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are compared in Fig. 11 with those predicted by Crocco’s ex- 
tension of Rannie’s equation to the case of film cooling, which 
equation (in the present nomenclature) reads 


(Pru — 1) 


CoM Cpy( — To) _ pM Pate Ve; + 
inf i+ =— In| e 
AH Cry 


mo 2 
Com 6 Cy 
Cpy Potao C; 


The divergence of the two curves is due to the fact that effects 


of mass addition on transport phenomena in the turbulent 
core have been treated differently in the two analyses. 
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Fig. 11 Mass-flow ratio vs. heat-transfer parameter as pre- 
dicted by Crocco and present paper 

Summarizing, a method has been found for determining the 
evaporation rate and the surface temperature for a stable 
inert liquid wall film flowing under the influence of a high- 
velocity, fully developed turbulent gas stream in a duct. The 
method is based upon extensions of the Prandtl-Taylor equa- 
tion to heat transfer and mass transfer in the case of film cool- 
ing which constitute collectively an extension of the wet-bulb- 
thermometer equation to the case when large temperature 
and partial-pressure gradients occur. An attempt has been 
made to take into account the effects of mass addition on 
transport phenomena in the turbulent core. 


C Experimental Study 


The data which were discussed in section 4 with respect to 
film stability are discussed in this section with respect to evap- 
oration rate. The evaporation rates which are examined are 
those which correspond to the longest stable films obtainable 
for the several sets of gas-stream condition. It is useless to 
examine the evaporation rates for unstable films since the mass- 
transfer rate from unstable films has not been analyzed theo- 
retically; shorter films will not be examined since they are more 
susceptible to large experimental errors than are long films. 

Theoretical values of 1i9/p.u« were obtained with the aid 
of Figs. 12 and 13, prepared in accordance with Equations 
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7 [39] and [27], respectively. To obtain tio/p.u for given 
gas-stream conditions, read the film surface temperature T 
= from Fig. 12 for the given gas-stream static pressure and bulk 
temperature, then calculate the heat-transfer parameter 
- &y(T © — To)/AH (a function of T.. and To), and read finally 
the mass-flow ratio from Fig. 13 for the appropriate value of 
Gy(T~ — T»)/AH and the given value of C;. (Fig. 12 
4 emphasizes incidentally that, in general, although 7’. may be 
. much greater than the boiling temperature of the liquid at the 
a prevailing pressure, the boiling point of the liquid is not 
reached necessarily at the liquid surface; see section 5-B.) 
2 A preliminary examination of the available data [those re- 
ported in this paper and those summarized by Kinney (13)] 
discloses that the realized evaporation rates exceeded con- 
sistently the predicted values. The reason for this discrep- 
ancy becomes apparent when assumption 8 of section 5-B is 
compared with the test conditions which existed. Whereas it 
was assumed that axial variations in the gas stream were small 
~™ compared with radial variations, test conditions were such 
that extremely large axial variations occurred at the point of 
liquid injection, i.e., at the test-section inlet; although the 
tem. — velocity profile at the test-section inlet was essentially that of 
lopedf fully developed turbulent pipe flow (since approach duct 
lengths of 10 and 20 pipe diameters were employed by Kinney, 
and approach duct lengths of 27 pipe diameters were em- 
ployed in the current tests), the partial-pressure and tem- 
perature profiles at the test-section inlet were essentially 
square (since the air was virtually dry upstream from the 
test-section inlet and the approach duct was thermally in- 
sulated). Consequently, one would be surprised if the ex- 
perimentally determined evaporation rates did not exceed 
the predicted values. 

Calculations by Latzko (28) and experimental data by 
Boelter, Young, and Iverson (29) indicate that, when the 
temperature profile at the test-section inlet is that for fully 
developed turbulent pipe flow, then the ratio of the average 
heat-transfer coefficient for a finite-length heated test section 
(whose length is at least five times its diameter) to the local 
heat-transfer coefficient far downstream from the inlet of an 
infinitely long heated test section may be given by an expres- 
sion of the form 


1 + const X Re,°-*(d/L) 


where d is the duct diameter and L is the test-section length. 
For air flows in polished tubes with no mass diffusion, Boel- 
waterf ter, et al., determined the value of the constant to be ap- 
proximately 0.1.) These results motivated Fig. 14, where 
experimentally determined values of 1io/p.u. are plotted as 
afunction of calculated values of 110/p.0U«® which have been 
multiplied by the parameter 1 + (1/3)Re,°-%(d/L). [Gas 
properties have been evaluated at the bulk temperature 7'..; 
in the event that the bulk temperature is extremely large 
compared with the wall temperature, it may be necessary to 
evaluate the gas properties at the average of the bulk and wall 
temperatures instead of at the bulk temperature, as suggested 
by Deissler (30).] Fig. 14 explains the excessively large 
evaporation rates found to occur for the very short films (see 
Figs. 6 and 7 of Ref. 1 and Fig. 4 of Ref. 13) and implies that 
even greater modifications of evaporation rates as predicted 
by Equations [27] and [28] will be necessary if the velocity 
profile at the test-section inlet is square as are also the par- 
tial-pressure and temperature profiles (see Ref. 29 for experi- 
mental data on the effects of various entrance conditions on 
heat-transfer coefficients for turbulent flows of gases in ducts). 

The relative merits of Equation [27] and Crocco’s equation 
connot be compared with existing experimental data since 
25 fa) the parameter Cpy(T'2 — T>)/AH did not exceed unity in 
tither the NACA or the present tests, and (b) the evaporation 
tates predicted by Equation [27] and Crocco’s equation do 
deviate appreciably until the parameter — To)/ 
4H exceeds unity [Fig. 11]. 
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Since the combined thickness of the duct wall and the liquid 
film was relatively small (less than 0.1 in.) and the heat- 
transfer rate from the test section to its environment was 
small, the duct wall temperature was taken to be equal 
approximately to the film-surface temperature. Hence, the 
measured wall temperatures have been plotted in Fig. 12 for 
comparison with predicted film-surface temperatures at 1 
atm (test pressures ranged from 14.2 to 16.7 psia). The data 
agree with the theoretical curve with a maximum error of 
6° R. Inasmuch as the data were taken at relatively large 
partial-pressure and temperature gradients (the parameter 
(pv. — Pva)/(p — pv.) exceeded 0.7, and the parameter 
Cpy(T'@ — T>)/AH exceeded 0.9 in some of the tests), it is con- 
cluded that the data support the proposal of section 5-A that 
Equations [27] and [28], taken collectively, constitute an ex- 
tension of the wet-bulb-thermometer equation to the case 
when relatively large temperature and _partial-pressure 
gradients occur. 

Summarizing, experimental data concerning evaporation 
rates from stable liquid wall films into heated turbulent gas 
streams were brought into agreement with calculated evapora- 
tion rates after corrections for entrance effects were made. 
Good agreement was realized between predicted and measured 
liquid wall film temperatures. 

The present investigation has re-emphasized the fact that 
information concerning the effects of entrance conditions on 
the transfer of heat, mass, and momentum in pipe flows is 
scarce. It would be useful to extend previous studies (28, 29) 
of the effects of various entrance conditions on transport phe- 
nomena in pipe flows analytically and experimentally. 

Reynolds-analogy extensions of the type proposed in section 
5-A are useful potentially in the analyses of several important 
processes (e.g., combustion, evaporation, and jet mixing) 
which involve transport phenomena in turbulent gas streams. 
However, the proposed treatment of mass-addition effects on 
transport phenomena in the turbulent core of pipe flows has 
not been confirmed; i.e., the relative merits of Equation [27] 
and Crocco’s equation have not been established. Conse- 
quently, further studies are required to determine the correct- 
ness of hypotheses of the type expressed by Equation [27]. 


D Condensing Versus Evaporating Films 


Since this study is presented with evaporating films upper- 
most in mind, comments on the applicability to condensing 
films of results obtained from studies of evaporating films are 
in order. 

For the parameter ranges which were investigated, it was 
found that the film stability does not depend on mass-transfer 
rate. Hence, the results of the present film-stability investiga- 
tion may be applied to evaporating and condensing films 
alike, provided, of course, that shearing stresses are large 
enough to make gravity forces negligible. Caution should be 
exercised, however, when applying the present results to 
cases in which the mass-transfer rates are much larger than 
those which have been investigated. 

The treatment given the mass-transfer process in the pres- 
ent paper cannot be applied to general condensing films. For 
evaporating films of the type which were investigated, the heat 
transfer from the liquid film to the duct wall is negligible com- 
pared with the heat transfer to the liquid film from the gas 
stream (gas-stream temperature and velocity gradients are 
relatively large); for general condensing films, the heat 
transfer from the liquid film to the duct wall is of the same 
order of magnitude as the heat transfer to the liquid film from 
the gas stream (gas-stream temperature and velocity gradients 
are relatively small). 


6 Summary 


Thin liquid wall films flowing under the influence of high- 
velocity turbulent gas streams were studied for the purpose of 
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obtaining an understanding of the mechanics of film cooling. 
The problem was divided into three parts: (a) the determina- 
tion of conditions sufficient for the attachment of liquid films 
to solid surfaces in the presence of high-velocity gas streams 
without entrainment of unevaporateéd. liquid by the gas 
stream; (b) the determination of conditions sufficient for the 
stability of thin liquid wall films flowing under the influence of 
high-velocity turbulent gas streams (a stable film is a film 
which loses no liquid droplets to the adjacent gas stream as 
the result of surface disturbances); and (c) the determination 
of the evaporation rate from a stable inert liquid wall film into 
a heated turbulent gas stream. 

The studies on liquid-film attachment indicated that the use 
of radial-hole injectors in conjunction with the effects of a 
high-velocity gas stream for the attachment of liquid films to 
solid surfaces is effective over a wide range of operating con- 
ditions. Data corresponding to the inception point of in- 
efficient film attachment (inefficient attachment occurring 
when liquid droplets are entrained by the gas stream during 
the attachment process) were plotted in dimensionless form; 
the abscissa was a function of the gas-stream Reynolds num- 
ber, the liquid-stream Reynolds number, and a modified 
cavitation parameter, and the ordinate was the ratio of the 
gas- and liquid-stream momenta. 

The studies on liquid-film stability led to the conclusions 
that small disturbances with wave lengths of the order of 10 
film thicknesses are present on the liquid-film surface for all 
liquid-flow rates; that the scale of the small disturbances de- 
creases as the diameter Reynolds number of the gas stream 
increases but does not vary appreciably when the liquid-flow 
rate is changed; that long wave-length disturbances appear on 
the surface of the film for liquid-flow rates larger than some 
critical value; that the critical film thickness for long-wave- 
length disturbances depends primarily on the wall shear 
stress; and that liquid droplets are entrained by the gas stream 
from the crests (regions where relatively large quantities of 
liquid are collected) of the long wave-length disturbances. 
Obviously, the unstable long wave-length disturbances are to 
be avoided when designing for an efficient film-cooling system. 
The data corresponding to the inception point of unstable 
liquid-wall-film flows are presented in dimensionless form by 
plotting the dimensionless film thickness corresponding to the 
inception point of unstable liquid-wall-film flows as a function 
of the ratio of the gas-vapor-mixture viscosity to the liquid 
viscosity, where the viscosities were evaluated at the liquid- 
film surface temperature. 

A theoretical analysis of the evaporation problem was based 
on an extension of the Reynolds analogy to heat, mass, and 
momentum transfer in the turbulent core of two-component 
fully developed turbulent pipe flow with undirectional radial 
diffusion and on subsequent extensions of the Prandtl-Taylor 
equation to heat transfer and maas transfer in the case of film 
cooling. The resulting pair of equations, taken together, per- 
mits the calculation of the evaporation rate and the surface 
temperature for a liquid film when the fluid properties and 
gas-stream parameters are known. 

Experimentally determined evaporation rates were brought 
into agreement with calculated evaporation rates after 
corrections for entrance effects were made. Good agreement 
was realized between predicted and measured film tempera- 
tures. 
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1955 Guggenheim Grants 


Twelve or more Guggenheim Jet Propulsion Fellow- 
ships will be awarded to qualified applicants for 1955, 
it was announced recently by the Daniel and Florence 


Guggenheim Foundation. 


From six to eight grants will be made for advanced study 
in rocket and jet engineering at both Princeton University 
and California Institute of Technology. 
for tuition and living expenses in amounts varying from 
$1,200 to $2,000, depending on the stage of advancement 
of the Fellow. 


They provide 


Fellowships are open to college graduates who ‘‘must 
be residents of the U. S., must have outstanding technical 
ability and leadership qualities, a deep interest in the 
development of rockets and jet propulsion, and an inten- 
tion to follow this field as a career.”’ 


The major universities have received application forms; 
as have industrial and military establishments occupied 
with the field. Those who are not able to procure forms 
from these sources, however, may write directly to the 
Foundation at 120 Broadway, New York 5, N. Y. Com- 
pleted applications must be received by March 1, 1955. 
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Characteristics of Supersonic Jets 


(Continued from page 15) 
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Fig. 8 Axial subsonic jet decay beyond the supersonic cone 


Employing the procedure of Szablewski (2), the theoretical 
curve of Fig. 8 is obtained. In his paper, Szablewski deals 
with large and small temperature differences between the jet 
and the surrounding medium, and has experimental data for 
the case of small temperature differences with the surrounding 
air at rest. The test points of Fig. 8 show that regardless of 
the supersonic exit Mach number, combustion downstream, 
or diameter of the exit nozzle, all subsonic downstream decay 
points follow this theoretical curve. 


Conclusions 

From the results of studies of free jets exhausting into 
quiescent air, the following data are available: (a) axial de- 
cay curves of pressure, temperature, and velocity; (b) radial 
profiles; and (c) spreading characteristics. From the infor- 
mation contained herein and the knowledge of rocket- 
exhaust characteristics, conditions downstream of any super- 
sonic jet can be determined with sufficient accuracy for engi- 
neering purposes. 

In addition, the following conclusions are drawn: 

1 Radial profiles of pressure, temperature, and velocity 
can be nondimensionalized. Free jet velocity profiles closely 
parallel the Prandtl] momentum transfer curve; and free jet 
pressure and temperature profiles parallel the composite 
heated-air-jet profiles. In the range of temperature investi- 
gated, temperature (density) has a negligible effect on non- 
dimensional profiles. 

2 After the free supersonic jet decays to the sonic point, 
it can be treated as a normal shock-free parallel flow jet. 

3 Velocity decay beyond the supersonic core follows the 
axial-decay curve of Szablewski, regardless of the exit Mach 
number or exit temperature. 
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Velocity Lag of Particles in Linearly Accelerated 
Combustion Gases 


MITCHELL GILBERT,’ LEO DAVIS,’ and DAVID ALTMAN‘ 


Jet Propulsion Laboratory, California Institute of Technology. Pasadena, Calif. 


The behavior of solid particles tracking combustion gases 
has been treated. The equation of motion is integrated 
for an accelerating one-dimensional gas flow characterized 
by a constant velocity gradient and Stokes flow. 

Two cases of interest in propulsion science are studied. 
One is the behavior of particles tracking through the reac- 
tion zone of a laminar flame. It is found that even very 
small particles lag appreciably in the reaction zone, and 
the significance of this velocity lag in combustion experi- 
ments is considered. The errors in revealing the tempera- 
ture structure of a reaction zone are discussed. The second 
case of interest is the behavior of solid particles that may 
be produced in the propellant combustion of a rocket 
motor. A typical calculation shows that for a system con- 
taining 20 weight per cent solid of 100-micron particles, 
the particle lag causes a 3 per cent loss in specific impulse 
in a 1300-Ib-thrust motor. 


Nomenclature 


velocity gradient of the fluid 

thrust of rocket motor 

specific impulse of rocket motor 

mass of particle 

radius of particle 

time 

particle speed = dz/dt 

initial value of particle speed 

fluid speed 

initial value of fluid speed 

distance co-ordinate for the particle 

reciprocal time constant = 6zur/m = 9u/2pr? 

velocity lag; ratio of relative speed of fluid to particle to 
speed of fluid = (V — U)/V 

initial value of velocity lag = 1 — (Uo/Vo) = 1 —@ 

limiting value of velocity lag at large values of + 

2a/a 

value of \ when A is constant and equal to Ao 

fluid viscosity 

= dimensionless distance = az/Vo 

particle density 

dimensionless time = at/2 

initial value of ratio of particle speed to fluid speed = 
Uo/Vo 


PRAY 


8 


I Introduction 


CHARACTERISTIC phenomenon of flames and gas 
flow in thermal-propulsion machines is the acceleration 
of the fluid in the direction of flow. The tracking of the fluid 
motion by small particles introduced into laminar flames or 
rocket motors and studied by short duration light flashes has 
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appeared promising as a means of studying temperature «nd 
velocity structure of the reaction zones. Since velocity gra- 
dients in these regions are greater than 10 sec, the extent of 
velocity lag has an important influence on the interpretation 
of results. In experimental researches, the observable paiti- 
cles may be too large, as calculations show, to depict accu- 
rately temperatures and velocities in any regions but those of 
small gradients in the direction of flow by virtue of the in- 
ability of the particle to keep up with the fluid. In some in- 
stances in flames where pronounced streamline curving takes 
place, alternative experimental methods and analysis (1)* 
attempt to obviate in large part the concern with particle 
velocity lag. Uncertain assumptions are required and more 
difficult measurements are entailed. In this paper the analy- 
sis of particle travel in a fluid accelerating in the direction of 
flow is seen to permit evaluation of the temperature (or veloc- 
ity) gradients that can, in principle, be explored successfully 
by particles of a given size. 

In rocket motors certain propellants have metallic constitu- 
ents which may give rise to condensed particles in the com- 
bustion gases and which thus have an effect on rocket per- 
formance. Because of this dual interest in the behavior of 
particles in hot streams, a limited analysis was made of the 
Stokes drag on a particle in a one-dimensional flow. Where 
the main interest in the particle behavior within an accelerat- 
ing stream is for determination of the local behavior of the 
fluid, attention is fecused on the local lag of the particle. The 
solution to this problem is seen to permit approximate treat- 
ment of the more general fluid acceleration in realistic cases 
such as flames and jets. 

The region of combustion in a laminar flame, where the 
major portion of the temperature rise occurs, approximates 
the analysis given in this report. Some experimental results 
in flames are examined, The gas expansion in a rocket motor 
can also be described by a sequence of constant velocity gra- 
dients, and particle behavior in such flow is examined. 

Flow situations involving other applications of particle 
tracing of a fluid stream have been critically examined by 
Wright (2). The tracking deviations of particles subjected 
to acceleration due to a curved streamline (2) were compared 
with the deviation due to a velocity gradient in rectilinear 
flow, using the present results. It was found that a particle 
may satisfactorily trace the streamline aid yet greatly lag the 
fluid acceleration along the streamline. This fact indicates 
that there is risk in using the validity of particle tracking in a 
flow of the first type as a sufficient criterion in flows containing 
both modes of acceleration. 

In atmospheric laminar flames it is shown that particles 
greater than about 2 to 3 microns in diameter lag the gas flow 
in the region of active reaction. Significant errors in the de- 
termination of gas properties are introduced by using such 
particle-track measurements, the errors becoming quite large 
for particles greater than 10 microns. In the particular case of 
tracing a temperature plateau in the reaction zone, it is found 
that a 10-micron particle track would miss it completely, but 


5 Numbers in parentheses refer to References on page 30. 
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that a 2-micron particle would clearly indicate the plateau. 
The possibility of using larger particle sizes in flames burning 
at subatmospheric pressures is discussed. 

Velocity gradients in a typical rocket chamber and nozzle 
were used in calculating the velocity lags of particles varying 


in sizefrom 1to100 microns. It is shown that, for particles of 
unit density with diameters exceeding 10 microns, the velocity 
lags in the region of active combustion in the chamber and at 
the nozzle exit become appreciable (> 10 per cent). For a 
typical propellant system which contains 20 weight per cent 
solid comprising particles of 100-micron diameter, the loss in 
specific impulse due to the velocity lags in the nozzle would 
be 3 per cent. 


II Caleulation of Particle Motion 


Equations for Stokes Flow 


The equation of motion for spherical particles in Stokes 
drag® is 


For a general flow field V(x), Equation [1] is usually not inte- 
grable. An exact solution is obtained when V(x) is made 
linear with z. The general flow V(x) can be approximated by 
successive application of the linear solution over short inter- 
vals, 
With the assumption V = + az > 0 
mei = Gapr(Vo + at — [2] 


The boundary conditions are ¥ = Up atx = 0, ¢ = 0. An 
average, constant viscosity » is assumed and can be evaluated 
from the gas conditions in a given region. With the dimen- 
sionless parameters (see Nomenclature) a, A, A, ¢, 7, and — 
the particle motion is described by 


t= (com T + 
o + 1 


V1 +20 


The particle velocity is given by 


sinh r V1 +) 


U = (s cosh +r V1 +2\ + 


The local relative velocity deviation or lag is given by 


V-U_ 
o1 +2) 1+ (1-4) VI + 2eoth V1 + 2d 
1+ A¢ + V1 + 2d cothr V1 + 
The parameter ) is seen to be a ratio of two time constants, a 
and a, the former describing the fluid velocity gradient and 
the latter the Stokes constant. The quantity 7 expresses 


time in units characteristic of the problem. 
For large values of 7, A approaches the asymptotic value 


~ 9/1 + 
[6] 


A 


A. = 


° For treatment of the influence of accelerated flow on the drag, 
see review paper by R. R. Hughes and E. R. Gilliland, “The 
Mechanics of Drops,” Chemical Engineering Progress, vol. 48, 
1952, pp. 497-504. For large particle to fluid density ratios 
where the percentage change in velocity over the particle diam- 
eter is small, the correction to the steady-state Stokes drag is 
small. We are indebted to Dr. Hughes for calling this effect to 


our attention. 
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This asymptotic form is independent of ¢, (= Uo/Vo), which 
physically is the behavior to be expected. Equation [6] 
shows A,, is small only for small \ and that then the velocity 
lag A= 

From Equation [5] the value of \, corresponding to con- 


stant Ais found; i.e., A= = 1—¢. The critical value is 
21 — ¢) 

$2 


Greater values of \ cause the particle to track more poorly 
with time; for smaller values than },, particle tracking im- 
proves with r. 

Figs. 1 through 4 illustrate the variation of the particle 
velocity lag A and the dimensionless distance ~ as a function 
of 7 for various values of ¢ and X._ The graphs of A and é are 
superimposed because the function of physical interest 
A(é, ¢, A) cannot be obtained simply from Equations [3] and 
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Fig. 1 Graph of particle motion for ¢ = 1.0 
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Fig. 4 Graph of particle motion for ¢ = 0.0 


[5] and so are expressed in parametric form. Figs. 5 and 6 
show, respectively, the values of A, as a function of \ and 
\, as a function of ¢. 
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Fig. 5 Velocity-lag limit 
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Fig. 6 Time constant for 
invariant velocity lag 


Because the solutions have been obtained for arbitrary 
Uo, Vo, and a, the linear approximation to a general V(x) is 
made by suitable chordwise approximation. The value of A 
obtained from a solution determines a and therefore }. 


Equations for Non-Stokes Flow 


In a rapidly accelerating flow field the Reynolds number 
for the particle may soon exceed the limit of Stokes drag. 
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The equation of motion then becomes 


mi = 2 
which is nonlinear. Equation [8] reduces to Equation [1] if 
the Stokes drag coefficient Cp = 24/Re is substituted in 
Equation [8]. The modified linear equation is applicable in 
the non-Stokes range over small intervals of the Reynolds 
number when f in the equation 


= Bry V — UO)... (9) 
is the correction factor 


28Re- + 0.48 


24Re-! 


The factor f is given in Table 1 and is used to correct the con- 
stant @ in each chordwise approximation of the flow V‘2), 
for Reynolds numbers greater than 1. 


Table 1 
Re 

1 1.19 
5 1.58 
10 1.84 
100 4.33 

1000 23.7 

2000 43.3 


Particle Motion in Flow Field Linear with x, at Small \ 


For \ << 1, expansion of Equation [3] gives 


11] 


which gives for z 
Vo 


Approximate equations for \ = 1 accurate to 7 per cent or 
better, derived from Equations [5] and [12] are, at 4p = 0 


(¢ = 1) 


aes A/(1 + A) 
A= [14] 


x 
1 + coth — (1+. 
+ co QV, (1 + A) 
Particle Motion in Uniform Flow Field 


A limiting form of Equation [5] which corresponds to the 
case V(x) const, (a, \ = 0), is wt 


For a = 0, Equation [12] is exact. Eliminating r between 


Equations [12] and [15] 
in — (a6 a) | [16] 
a A 


III Applications 


A Laminar Flames 


Experimental measurements have been made by Andersen 
and Fein (3) using streak photographs and stroboscopic illu- 
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mination of particle tracks of magnesium oxide. Andersen 
and Fein cite 20 and 40 microns as the largest particles fed to 
the flame. Lewis and von Elbe (1) cite an average size of 20 
microns. Other investigators (4) give a range of 1—10 
microns for their dust. All the investigators claim to be per- 
forming their measurements on the smaller particles. In the 
absence of specific information, the following evaluation is 
based on 40-, 10-, and 1-micron particles: 

The propane-air flame (3) is considered, for which a reaction- 
zone distance of 0.08 cm may be taken with a temperature 
rise factor of 7. The reported flame speed is 44 em/see which 
yields an approximate value of a of 3300 sec~!. Using an 
average value for u of 0.0004 poise in the flame, the values of 
\ corresponding to 40-, 10-, and 1-micron particles are 54, 3.4, 
and 0.034, respectively. For « = 0.08, & = 6. Assuming 
that at the cold boundary Ao = 0, or @ = 1, Fig. 1 is entered 
at £ = 6 and the values of A are found to be 0.75, 0.47, and 
0.02, respectively, at the hot boundary. These A’s give the 
final velocity lag of the particles along the streamline. The 
fidelity of tracing streamline direction or ‘radial lag’’ is 
found, using the results of Wright (2). A 40-micron particle 
would deviate from the actual streamline radius by about 12 
per cent in an angular change of only 30 deg. A 10-micron 
particle would deviate from streamline radius by about 7 
per cent in a 90-deg angular change, while a 1-micron 
particle would always correctly trace the streamline direction. 

The determination of temperature (3, 4) involves primarily 
the continuity relation applied to streamline flow. If the 
streamline direction is accurately depicted by a particle 
streak, then in principle the pointwise determination is pos- 
sible. This is true even if velocity lag of the particle in the 
reaction zone is considerable and qualification need only be 
made concerning knowledge of gas composition and the nature 
of the shear flow parallel to the reaction front. The latter is 
found to cause a 25 per cent total change in the parallel veloc- 
ity vector (3). The change is assumed to occur linearly in 
the gas passing through the reaction zone. The anomalous 
results reported (4) were suggested to have been partly the 
result of assumptions concerning the parallel velocity vector. 

If a particle is small enough to meet the more stringent 
condition of tracing a flame streamline without appreciable 
velocity lag, then there is in principle a more direct measure- 
ment of velocity profile and temperatures in a reaction zone. 
The only experimental measurement required would be 
streaks of particles obtained with illuminations of the order 
of microsecond duration, since the total reaction time is of the 
order of tenths of a millisecond. If the difficult experimental 
problems can be overcome, only the distance between centers 
of luminous spots need be accurately measured to make the 
determination. Up to the present time it has been necessary 
to make an assumption regarding the velocity vector parallel 
to the flame front and then to determine accurately the 
tangent direction of a luminous streak as well as a position 
co-ordinate. This procedure has indicated some anomalous 
temperature profiles in laminar flames (4), and, while the 
authors appear to have considered the most important sources 
of error, there would certainly be less hesitation in accepting 
the unusual results had they been provided with the more 
direct technique mentioned above. 

As a matter of interest, calculations have been made of the 
tracking behavior (velocity lag only) of particles in an atmos- 
pheric-pressure laminar flame whose reaction zone contains a 
temperature plateau (cf. Fig. 7). It is clear that a 10-micron 
particle stroboscopically observed in the flame would fail to 
discover the nature of the temperature plateau and, in addi- 
tion, would poorly represent the velocity field throughout. A 
2-micron particle, if observable, would give an adequate rep- 
resentation from the stroboscopic spots of a single stream- 
line. A reduction of the velocity gradient by a factor of 25, 
attainable by reducing the total pressure to about 30-mm Hg 
abs, would enable the 10-micron particle to track as well as a 
2micron particle does at atmospheric pressure. Thus the 
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regime of low pressure provides means of making more certain 
measurement. 


Rocket Gases 


In rocket motors, the problem of velocity lag occurs both in 
the motor chamber for the reactant liquid drops and in the 
nozzle when condensed phases appear in the combustion 
products. In the former case, the problem of velocity lag is of 
interest in detailed heterogeneous combustion mechanisms 
involving knowledge of Reynolds numbers, heat-transfer 
coefficients, and such related phenomena as rates of vapori- 
zation and droplet residence times. In a treatment of the 
flow field identical with that of the present paper, Miesse (5) 
has calculated the behavior of droplets vaporizing and burn- 
ing by including the assumption that the droplet surface area 
varies linearly with time. 

On the other hand, the occurrence of condensed phases in 
the final combustion products affects the thermodynamic 
performace of the rocket in so far as velocity lags in the nozzle 
lower the total momentum that can be derived through the 
expansion of a given weight of fluid mixture. 

a Flow in the Chamber. Measurements made on pres- 
sure in rocket motors indicate that an S-shaped curve (similar 
to Fig. 8) is typical. Employing equations for one-de- 
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Fig. 8 Velocity-distance profile in nozzle of typical 1300-lb- 
thrust motor 


mensional gas flow with heat addition, an approximate value 
for the maximum velocity gradient may be calculated and 
found to be about 1300 sec—!. Assuming an initial velocity of 
100 ft/sec corresponding to a typical injection velocity and 
an average temperature of 2000°K, one finds that, if this 
gradient persists over a distance of 5 inches, the velocity de- 
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fects A for 1-, 10-, and 100-micron nonevaporating particles 
are roughly 0, 0.10, and 0.60, respectively. Thus a particle 
size of the order of 10 microns appears to be critical in this 
type of flow. 

b Flow in the Nozzle. The most important considera- 
tion concerning the relative velocity of particles in rocket ex- 
hausts is related to the calculation of momentum transfer or 
specific impulse. A simple example serves to illustrate the 
magnitude of this effect. Assume that a rocket motor oper- 
ates at a chamber temperature of 3000°K and a pressure ratio 
of 20 to 1; has a gas of molecular weight 20 gm/mol and speci- 
fic heat of 15 cal/°K/mol; and contains 20 weight per cent 
solid of specific heat 0.5 cal/°K/gm. If the particles remain 
at the local gas temperature (the effect of temperature lag 
can be shown to be small in this case), the calculated J,, values 
for different assumed values of U/V at the exit of the nozzle 
can be shown to be appreciably affected by the velocity lag. 
The data are summarized in Table 2. 


Table 2 
Isp (U/Vexit) 
206 
217 0.25 
224 0.50 
230 1.00 


In an analysis of the exhaust velocity of a system contain- 
ing solid particles, Maxwell, Dickinson, and Caldin (6) as- 
sumed Stokes flow to exist throughout nozzle flow and con- 
cluded that the velocity lag would be negligible. With the 
present treatment and with more recent information on noz- 
zle flow, however, it is possible to examine this question more 
critically. 

In order to estimate the actual velocity lags in a typical 
rocket-motor nozzle, a curve of gas velocity as a function of 
distance was obtained from data given by Altman and Penner 
(7) on the nitric-acid—aniline propellant in a 1300-lb-thrust 
motor using a conventional nozzle with a 30-deg entrance and a 
15-deg exit section. The curve is shown in Fig. 8. The 
character of the curve shows that three regions can be chosen 
with approximately constant velocity gradients. Since the 
common propellant systems differ little in exhaust velocities 
(less than 50 per cent), these data may be taken as representa- 
tive of typical rocket nozzles of this thrust. For calculations 
relating to rockets of other sizes, it may be observed that the 
linear distance along the nozzle is related to the thrust F by 


the approximate equation z V. F, and hence the velocity 
gradient (for eonstant exit velocity) obeys the relation a = 
1//F. These relations permit the constants given in Fig. 8 
to be applied with fair approximation to motors of any size. 
Velocity lags for various particles of unit density with 
diameters from 1 to 100 micron were calculated from the data 
given in Fig. 8. In these calculations, the Reynolds numbers 
for the larger particles exceeded 2 (limit of Stokes flow) after 
traveling a short distance down the nozzle; and beyond the 
throat they were of the order of 1000 in some cases. Calcula- 
tions in these instances were performed by assigning an aver- 
age effective Stokes constant for the interval based on the 
average Reynolds number in that interval, as discussed in 
Section II. A detailed numerical calculation made by divid- 
ing the interval into many small segments, where the 
Reynolds-number variation is largest, showed for the 100- 
micron particle that this method incurred an error of less 
than 3 per cent in velocity lag. It may be observed (cf. 
Fig. 9) that the single-chord approximation, i.e., where an 
average velocity gradient with average gas properties is cho- 
sen for the entire nozzle, slightly overestimates the velocity 
lag in the entire range of particle sizes. Also included is a 
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Fig. 9 Particle lag at nozzle exit for typical 1300-Ib-thrust 
motor 


calculation for a 100-micron particle in the V-2 rocket (of 
50,000-lb thrust), and it is seen that the increased nozzle 
length in this case almost halves the velocity lag. This effect 
is also observed in chemical reaction rates where it can be 
shown that the longer nozzle tends to favor chemical equilib- 
rium during flow. 

Considering the sample propellant composition given 
earlier with 20 weight per cent solid of unit density, it is seen 
from the data in Table 2 and in Fig. 9 that for 10-micron 
particles the loss in J,, is less than 1 per cent; for 50-micron 
particles, the loss is about 2 per cent; and for 100- 
micron particles it is about 3 per cent. 
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Numerical tables are given for the solution of transient, 
radial heat conduction problems in hollow circular cylin- 
ders. A constant convection coefficient at the exterior 
surface and zero heat transfer at the interior surface are 
assumed. Application is made to the practical problem 
of sudden temperature change in the environment of a 
slid propellant rocket. 


FREQUENT problem in rocket engineering is to com- 
pute the temperature distribution in a solid-propellant 
rocket grain some specified time after the temperature of its 
environment has been suddenly changed. For so-called 
“cigarette-burning”’ propellant configurations, this problem 
is satisfactorily solved by using the published charts or tables 
for heat conduction in a solid eylinder infinitely long when 
subjected to a heat flow at its surface that is governed by a 
constant convection coefficient. Carslaw and Jaeger (1),? pp. 
176-177, discuss the analytical solution of the heat conduction 
equation for this case. Austin (2) and Heisler (3), among 
others, give tables and charts of the solution for practical use. 
In the case of “internal-burning”’ propellant configurations 
it is necessary to resort to graphical or numerical computa- 
tions because tables or charts for even the simplest case of the 
hollow infinite cylinder have not been published. The heat 
conduction equation for this case is: 


oT (= 127) 
— =x{—+-—}], 
ot or? r or 
where 7’ is the temperature, ¢ is the time, r is the radial co- 
ordinate, x is the thermal diffusivity of the substance, and R; 
and R, are the internal and external radii, respectively, of the 
infinite cylinder. The thermal diffusivity x is equal to d/pc, 
where \ is the thermal conductivity, p is the density, and c is 
the specific heat capacity of the substance, all assumed con- 
stant. The initial condition is simply that the temperature of 
the cylinder is uniform : 
t=0 


The boundary conditions are: (a) at the internal surface the 
heat flow from the cylinder is negligible; therefore 


R:<r< R, 


(b) at the external surface the convection coefficient h is con- 
stant and the surrounding medium has a constant tempera- 
ture 7’,; therefore 


T 
or 


Now the analytical solution satisfying Equations [1] to [4] is 
known and is given by Carslaw and Jaeger (1), pp. 278-280. 
Received June 23, 1954. 
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Transient, Radial Heat Conduction in Hollow Circular 
Cylinders 


RICHARD D. GECKLER! 


Aerojet-General Corporation, Azusa, Calif. 


It can be written in terms of the following dimensionless 
variables: 


1 The unconsumed temperature difference 
=(T, — T)/(T, — Ti) 


2 The Fourier number 


= xt/R? 
3 The Biot number 
@ = hR./r 
4 The radial position 
p =r/R, 
5 The diameter ratio 
R;/R. 
This solution is 
e= >. exp (— 6;?)fi(m, B, 6:)fo(ps;, mds)... .. . [5] 
i=1 
where 
— BJo(5;)] 
= Jo( pbs) ¥i(ms;) — .... (7] 


and the 6; are roots of the transcendental equation 
Ji(m5)[5Y(5) — BY o(5)] — — BJo(5)] = 0. [8] 


In Equations [6] to [8], Jo and J; are Bessel functions of the 
first kind, and Yo and Y; are Bessel functions of the second 
kind according to Watson’s notation (4). 

Presumably the reason that Equation [5] has not been 
tabulated heretofore is to be found in the extreme labor re- 
quired to compute the roots of Equation [8]. However, since 
such roots appeared to have some permanent fundamental 
scientific value, at the writer’s suggestion Mr. Myron Lipow 
began computing them in 1952 for selected values of m and 8. 
With a table of the roots of Equation [8] available (5), the 
computation of solutions to the heat-conduction problem for 
the hollow cylinder is a relatively simple matter. Results for 
m = 0.2, 0.4, 0.6, and 0.8 are shown in Tables 1 to 4, respec- 
tively. 

As an example of the use of these tables we may consider the 
following problem: A certain propellant “grain” with an in- 
ternal diameter of 2.78 in. and an external diameter of 9.71 
in., initially at a temperature of —30 F, is suddenly placed in 
a room maintained at 150 F. The metal case and air space 
between it and the propellant, together with the resistance of 
the air film on the outside of the case, result in an over-all con- 
vection coefficient of 3.74 Btu-ft~?-hr-!-°F—, The thermal 
conductivity of the propellant is 0.181 Btu-ft~?-hr-'-- 
(°F/ft)—! and its thermal diffusivity is 0.00578 ft?-hr~. 
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What is the temperature distribution in the propellant after 
one hour? 

Now R. = 0.405 ft; hence the dimensionless parameters 
are: 

¥ = 0.00578 X 1/0.405? = 0.0352 

@ = 3.74 X 0.405/0.181 = 8.37 

m = 2.78/9.71 = 0.286 
From Table 1 for m = 0.2 we find by interpolation the values 
of 8 at ¥ = 0.0352, first for @ = 5.0 and second for ® = 10.0. 
Another interpolation between these latter values gives © for 
@ = 8.37. Thus 


6 for m = 0.2 and F¥ = 0.0352 


p\® 5.0 10.0 8.37 
10 0.424 0.250 0.297 
0.9 0.617 0.487 0.526 
0.8 0.765 0.678 0.705 
0.7 0.865 0.812 0.829 
0.6 0.926 0.898 0.907 
0.5 0.961 0.944 0.949 
0.4 0.980 0.971 0.974 
0.3 0.990 0.984 0.986 
0.2 0.992 0.991 0.991 


The computation is repeated for m = 0.4, using values of @ 
from Table 2, This gives the values 


@ for m = 0.4, ¥ = 0.0352, and ® = 8.37 


8 8 
1.0 0.297 0.6 0.902 
0.9 0.526 0.5 0.942 
0.8 0.705 0.4 0.954 
0.7 0.830 


Finally, interpolation between the values of 6 for m = 0.2 and 
m = 0.4 gives the desired values for m = 0.286. Thus 


© for m = 0.286, § = 0.0352, and ® = 8.37 


Pp r, in. 
1.0 4.86 0.297 97 
0.9 4.37 0.526 55 
0.8 3.88 0.705 23 
0.7 3.40 0.829 1 
0.6 2.91 0.905 -13 
0.5 2.43 0.946 —20 
0.4 1.94 0.965 —24 
0.286 1.39 0.970 —25 


The value of @ for p = 0.286 is found by graphical extrapola- 
tion of the other values of 0, taking account of the fact that 
dT /dr = 0 at the internal surface of the cylinder. The actual 
temperatures are obtained from the relation T = T, — 
— To). 

Fig. 1 shows the temperature distribution graphically. The 
need for several interpolations has, of course, reduced the 
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Fig. 1. Temperature vs. position in a heated solid-propellant 
grain 
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accuracy of the results. For simplicity all interpolations were 
made using log 9, although this is correct only when @ is con- 
sidered as a function of t. As long as the physical problem is 
described by the simplified mathematical model we have used, 
however, any special effort to obtain greater accuracy is un- 
warranted. A more precise mathematical formulation of the 
problem is given by Walters (6), but this leads to excessively 
laborious computations. 

It is often required to estimate the convection coefficient at 
the propellant surface from an experimental heating or cooling 
curve obtained by using thermocouples embedded in the in- 
terior of the propellant. After some time has passed, only the 
first term on the right of Equation [5] contributes to 0. 
Therefore, a plot of In 6 vs. F should be a straight line having 
the slope S = — 6,?, except near the beginning where § is small. 
Since 6; depends upon ® = AR,/X, this fact furnishes a method 
of obtaining h. The steps in a practicable procedure are: 

1 Convert the observed heating or cooling curve to a plot 
of logio 8 against the time t. 

2 Compute the dimensionless slope of the straight-line 
portion of the curve from the co-ordinates of two points by the 
equation S = —2.303 R,? (log @2 — log @1)/x(te — th). 

3 Read the value of the Biot number @ corresponding to 
the observed value of S and the appropriate value of m = 
R;/R, from Fig. 2. The co-ordinates necessary to construct 
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Fig. 2. Dimensionless slope of heating or cooling curve for 
circular cylinders vs. Biot number 


this figure on a larger seale are given in Table 5. 

4 Compute the effective convection coefficient h from the 
relation h = @(A/R.). 

This procedure is applicable to a cooling or heating curve 
measured at any radial location. 


Table 5 Co-ordinates of Fig. 2 
@\m 0.0 0.2 0.4 0.6 0.8 
0.01 0.0199 0.0208 0.0237 0.0312 0.0555 
0.10 0.195 0.204 0.234 0.308 0.552 
0.20 0.381 0.398 0.459 0.609 1.10 
0.50 0.885 0.930 1.09 1.47 2.69 
2.0 2.56 2.75 3.38 4.90 9.78 
5.0 3.96 4.36 5.70 9.07 20.6 
10 4.75 68.32 7.27 12.4 932.1 
50 5.56 6.33 9.09 17.2 56.1 
100 5.67 6.48 9.37 18.0 61.4 


(Continued on page 30) 
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Technical Notes 


Rocket-Powered Wind Tunnel 


F. KREITH,'! P. B. STEWART,? and E. S. STARKMAN? 
University of California, Berkeley, Calif. 


HE following paragraphs are an abstract of a paper* pre- 
sented at the July 1953 ARS-ASME Summer Meeting in 
Los Angeles, Calif. 

Preliminary design considerations suggest that a nonreturn 
wind tunnel consisting of a jet pump with one or more rocket 
motors supplying the motive fluid, test section, and auxiliaries 
may be attractive under certain conditions. This design 
eliminates the cost of steam-generating facilities for similar 
tunnels powered by steam jet pumps, and the electrical load 
required for propeller-driven tunnels, and thus may yield 
the most tunnel and tunnel performance for the lowest in- 
vestment. It would also come to equilibrium in minimum 
time, and its inherent flexibility would suit it for transient 
testing. Its chief drawback is the operating cost per unit 
time due to the large fuel consumption of rocket motors; 
this suggests limiting the use to short period tests. 

A limited amount of design information on the rocket 
powered jet pump is available in the literature. These data 
all indicate the feasibility of the basic idea. In order to 
avoid a development program on rocket motors it would be 
advisable to design the jet pump around an existing motor. 

The available information indicates that such a tunnel 
can simulate operating conditions at altitudes from 5000 to 
60,000 ft, and at velocities from high subsonic to low super- 
sonic. 

1 Present address: Lehigh University, Bethlehem, Pa. 


2 Associate Professor of Mechanical Engineering. 
3 ARS Preprint no. 87-53. 


Application of Droplet Ballistics Theory’ 
to Experiments of Ingebo’ 


C. C. MIESSE? 


Aerojet-General Corporation, Azusa, Calif. 


N ORDER to ascertain the validity of the droplet ballistics 

theory, the results of this theory will be applied to the 

experimental data obtained by R. D. Ingebo. According to 

Ingebo’s data, the apparent acceleration of the droplets can 
be expressed by the equation 

dV 

dt 

where V is the velocity of the droplet, and U, is the velocity of 

the air stream. 

Comparison of this equation with Equation [4] of footnote 1 
reveals that the diameter of the droplet D is essentially con- 
stant, and that the drag coefficient, Cp, can be expressed by 

383 _ 333(0.7)(17 X _ 10.45 

5 X 10-‘R 
where p’ is the density of the liquid, Dy is the initial diameter 
of the droplet, » is the dynamic viscosity of the air, and R is 
the Reynolds number of the droplet. It is noted that Equa- 
tion [2] differs radically from Ingebo’s Equation [22] which 


.. [2] 


was derived on the basis of other assumptions. From Equa- . 


tion [2], the value of k’ = 7.85 u/p’ can be determined as 
0.0056 cm?/sec. 


By substituting a straight line for the lower curve shown in 
Ingebo’s Fig. 12, the average vaporization rate \ can be de- 
termined to be 0.0006 cm?/sec, which leads to a value of ¢ = 
k’/\ = 9.8. The equations for droplet velocity and dlis- 
placement, corresponding to Equations [11] and [12] of foot- 
note 1, then become 


and 
t= (93 (4) 
where Dp is the initial diameter of the droplet, and 
D \? At 
y= (7) =1- De 5] 


Fig. 1 shows the variation of droplet velocity with distance, 
as determined by Equations [3] and [4]. From this figure it 
is apparent that the theoretical curve fits Ingebo’s experi- 
mental data as well as the curve presented in Fig. 8 of footnote 
2, which was obtained on the basis of somewhat different 
assumptions. 


— 
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THEORETICAL CURVE 


° CXPERIMENTAL DATA 


0 10 ' 


Fig. 1 Comparison of theoretical velocity curve with In- 
gebo’s experimental data for isooctane droplets 


Thus it appears that (a) the theoretical analysis presented 
in footnote 1 is applicable to existing experimental data; (b) 
the drag coefficient for an evaporating droplet varies inversely 
as its Reynolds number; and (c) the variable evaporation 
rate can be represented with sufficient accuracy by its mean 
value over an interval of time or space. A further, and more 
conclusive, check on the validity of the theoretical analysis 
presented in footnote 1 can be obtained wien similar experi- 
mental data are available for liquids whose evaporation rate is 
about ten times the evaporation rate of isooctane, since the 
velocity versus distance curves for g > 5 (present analysis) 
and q— © (Ingebo’s analysis) are almost coincident. 

Received October 26, 1954. 

1 “Ballistics of an Evaporating Droplet,” by C. C. Miesse, 
Jet PRoputsion, vol. 24, July-August 1954, pp. 237-244. 

2“Vaporization Rates and Drag Coefficients for Isooctane 
Sprays in Turbulent Air Streams,” by R. D. Ingebo, NACA TN 
3265, October 1954. 

’ Physicist, Liquid Engine Division. 


Epitor’s Note: This section of Jer PRoputsion is open to short. manuscripts describing new developments or offering comments on 
papers previously published. Such manuscripts are published without editorial review, usually within two months of the date of receipt. 
Requirements as to style are the same as for regular contributions (see first page of this nanan f 
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‘.@ Infinitely variable table speed from 
“*50,01° to 1200° per second. 
fancy of angular velocity with- 
“in 0.1%, including wow and drift, 
at any rate setting. 


) Special ball-disc integrator drive 
; Rr -eliminates backlash and minute ro- 
“tational irregularities. 
_ © Unique, synchronous motor has large 
* diameter rotor with high polar iner- 
tia; gives extremely smooth opera- 
ion at all table rates. 
® Up to 8 instruments (total weight 100 
*. -< Ibs.) can be tested simultaneously 
“without affecting accuracy. 
oe Electrodynamic braking permits 
2 quick adjustments to instruments 
4 being tested. 
tid ry Repeat accuracies within 0.2% same 
Bea direction; 0.5% opposite direction. 
e Simple controls enable inexperi- 
a enced operator to become proficient 
ars in a few minutes! 
® Large expanded scale is easily read; 
reduces operator error. 
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Read how Genisco Rate-of-Turn 
Tables are solving the problem for 
American Gyro Corporation 
American Gyro designs and manufac- 
tures rate gyros for use in guided missile 
control systems and high speed jet air- 
craft. As production 3 these precision 
instruments increased, quick, accurate 
testing of large quantities became a 
major problem. After an unsuccessful 
attempt to solve the problem with a 
custom-made, gear-type machine, they 
turned to Genisco Rate-of-Turn Tables. 
The first machine was installed in May, 
1953. Its use proved so successful that 
a second machine was added in No- 
vember, 1953, as production further 
increased. Both machines are now oper- 
ating 18 hours a day, 6 days a week. 
In over six months of operation, down- 
time due to non-routine maintenance 
has been less than 3 hours on both 
machines! 
This performance is not unusual! 
Most all major gyro manufacturers are 
using the Genisco Rate-of-Turn Tables 
with similar results. Its rugged construc- 
tion, simple foolproof operation, precise 
repeating accuracy, and versatile 
mounting facilities were designed spe- 
cifically for fast, accurate, production- 
line testing. 
If your problem is laboratory or pro- 
dutta ne calibration and evaluation 
of rate gyros in any quantity, write for 
complete data today. Genisco Incorpo- 
rated, 2233 Federal Avenue, Los 
Angeles 64, California. 
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Rockets, Guided Missiles 


IKE is to get cold-weather testing 

at Fort Churchill in Manitoba, 
Canada. The joint American-Cana- 
dian venture, called “Operation Jet 
Frost,” is intended to determine the 
effects of low temperatures on complex 
system parts and will be implemented 
by test firings. Meanwhile the Army 
announced a $36-million production 
program for Nike at the Ordnance 
Missile Plant, Charlotte, N. C., to begin 
in 1955. Contractors are Western 
Electric and Douglas Aircraft. 

Another $75 million is being appro- 
priated for Nike launching batteries. 
Each battery costs around $1 million 
and includes a launching area and con- 
crete underground facilities. Guidance 
system, located away from the launch- 
ers, consists of two radars and a com- 
puter. All sites are manned 24 hours a 
day, although no missiles are to be fired 
except in the event of enemy attack. 
Many of America’s cities now have at 
least one or two sites, and by 1956 such 
large centers as New York, Washington, 
and Detroit are expected to have as 
many as 14 permanent Nike sites. 

The Honest John is scheduled for de- 
ployment in Europe, according to the 
Army. Batteries, in training in the 
U.S. for over a year, will be assigned to 
U.S. units to train and maneuver with 
NATO forces. At the time of this 
announcement, the Army declared that 
it had halted the output of its 280-mm 
atomic cannon. Honest John has a 


diameter of 30 in., is 27 ft long, weighs 
3 tons, and has a range of up to 20 mi. 
Powerplant is a large solid propellant 


Northrop 


T-110 rocket launchers on F-89 provide 
eyes’”’ 


Jet Propulsion News 


Alfred J. Zaehringer, American Rocket Company, Associate Editor 


Launcher is in 


Pogo rests before flight. 
background 


unit by Hercules Powder. A new ver- 
sion of Honest John is also reported. 
Range and destructive power have been 
increased while the over-all size has 
been reduced. 

The Navy Bureau of Ordnance and 
the New Mexico College of Agriculture 
and Mechanical Arts have developed a 
rocket-carried parachute called ‘‘Pogo”’ 
for use as a target (above).. A 20-ft- 
diam parachute is carried in the nose of 
the small 13.5-ft long rocket. Pro- 
pelled by a solid propellant charge, the 
rocket is launched vertically and the 
parachute is automatically opened at 
altitude. The parachute and the 17-lb 
nose cone of the rocket slowly drift to 
the earth, providing a low-cost target. 
(See ARS Convention summary, page 
55, for abstract of paper on Pogo by 
Gilbert Moore.) 

Chrysler is to make the Redstone 
ground-to-ground guided missile at the 
Navy-owned jet engine plant in Warren, 
Mich. Tooling up and preproduction 
contracts now total over $2 million, and 
over $22 million has previously been 
allocated. Redstone is said to be 
powered by a high-thrust liquid pro- 
pellant rocket motor. 

A new rocket, the air-to-air T-110, is 
being tested on the F-89 (above). 
Developed by Armour Research Foun- 
dation in conjunction with Army Ord- 
nance, the weapon is said to be a gun- 
launched rocket. 

The Northrop Snark is now under- 
going flight tests at the Air Force 
Missile Test Center, Cocoa, Fla. 

Bullpup, designated XASM-7, is a 
new air-to-surface missile which Glenn 
L. Martin is developing for the Navy. 
Martin has received a production con- 
tract for 57 USAF B-61 Matador mis- 
siles at a cost of about $5.1 million. 

More power for helicopters is the 
result of the ROR (rocket on rotor) 
system for helicopters. Designed by 
Reaction Motors, the system has been 


installed on a Marine Corps Sikorsky 
HRS-2 helicopter and offers a higher 
possible payload at take-off, higher rate 
of climb, and higher altitude. Three 
small rocket motors are mounted at the 
rotor tips while the propellant tank is 
mounted about the rotor hub. Total 
dry weight of ROR is about 67 lb. 
Terrier, the Navy — surface-to-air 
rocket built by Convair, has been tested 
at sea on the converted guided-missile 
ship USS Mississippi in Atlantic fleet 
operations. Terrier, with an estimated 


speed of Mach 2, is about 14 ft long, 
12-in. diameter, and grosses around 
3300 lb. Powered by a solid propellant 
booster and sustainer, Terrier employs a 
radar seeker and command guidance 
system; it is used in batteries as an 
antiaircraft missile. 


Motors 
ROR system mounted on helicopter rotor 
hub 


~~ ROCKET ENGINE 
ROTOR BLADE PROPELLANT LINE 
FUER INE 


PROPELLANT CONTROL 


PROPELLANT 
ned 
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x 
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ef 
Reaction Motors 


ROR system 


Eprtor’s Note: The information reported in this Section has been selected from approved news releases originating with the Depart- 


ment of Defense, private manufacturers, universities, ete., and from published news accounts in journals and newspapers. The reports 
are considered generally reliable, although no attempt has been made to verify them in detail. 
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JPL 


JPL work all started with JATO 


LTHOUGH the Jet Propulsion Lab- 

oratory (JPL) was founded in 1940 
as a part of a program to develop a 
simple JATO thrust device, the labora- 
tory has grown enormously, and is now 
concerned with the chemistry of pro- 
pellants, combustion, fluid dynamics, 
heat transfer, materials, mechanical 
design, instrumentation, and the guid- 
ance and control of rockets and missiles. 
Total laboratory space exceeds 200,000 
sq ft and is valued at over $10 million. 
Since World War II, JPL has expanded 
to a staff of over 1000 and now expends 
in excess of $11 million yearly. The 
professional staff is supplied by the 
California Institute of Technology, and 
work is conducted under contracts 
with governmental agencies. 

Located three miles north of the Rose 
Bow! near Pasadena, Calif., JPL now 
covers 80 acres. 

There are three external operations: 
a static test stand for large rockets in 
the desert at Edwards AFB, a field test 
facility in New Mexico for supervising 
actual flight tests, and a school for 
training military personnel in the 
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techniques of guided missiles. 

Major pieces of equipment are two 
supersonic wind tunnels with auxiliary 
equipment. A hydraulics laboratory 
contains equipment for large liquid 
flow rates at high pressures. Materials 
research is aided by two large hydraulic 
presses (one of 3.6 million-lb capacity), 
x-ray diffraction units, an electron 
microscope, high-temperature furnaces, 
and equipment for radioactive tracer 
research. A mass spectrometer, infra- 
red spectrometer, and ultraviolet spec- 
trograph are used for combustion re- 
search. An analog computer quickly 
solves equations which would involve 
months of hand computation. A ma- 
chine shop and library are of general 
utility. 

The original work in rockets at 
CalTech starting in the mid 1930’s was 
led by Theodore von Karmaén. The 
early days of GALCIT Project No. 1 
(Guggenheim Aeronautical Laboratory, 
California Institute of Technology) 
as JPL was then called, were guided by 
F. J. Malina and H. S. Tsien of the 
Aeronautics Department, and by Mar- 


Static test cell with motor exhausting into a sound suppressor 


tin Summerfield, of the Physics De- 
partment. In 1947, after the resigna- 
tion of Malina, the directorship of the 
laboratory was assumed by L. G. Dunn, 
and the Chairmanship of the Board of 
Directors by C. B. Millikan, both of the 
Aeronautics Department. From that 
period on, a number of CalTech faculty 
members have shared their time with 
JPL, acting as chiefs of research sec- 
tions. Among these are W. H. Picker- 
ing, electrical engineering, H. J. Stewart, 
aerodynamics; Pol Duwez, materials 
and metallurgy; and Frank E. Marble, 
applied mechanics. Dunn recently re- 
signed the directorship and has been 
replaced by Pickering. 

Today, the objectives of JPL remain 
as established under Malina: research 
on fundamentals of jet and rocket-pro- 
pelled flight; development of advanced 
weapons for the Defense Department. 

Achievements include: first Air 
Corps take-offs with both solid and 
liquid propellant JATO (1941-1942); 
first U. S.-developed high altitude 
rocket, the WAC Corporal (flight- 
tested in 1945); and development of 
the Army Ordnance guided missile 
Corporal. 
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ARS News 


Ninth Annual 
ARS Convention 
Brings 1100 to N. Y. 


THE largest and most diverse meeting 

ever held by ARS took place Nov. 30 
to Dec. 2 at New York’s Hotel McAlpin. 

Thirty papers—covering combustion, 
new rocket fuels, rocket design, instru- 
mentation, missile stabilization, rocket test 
vehicles, missile targets, vibration control, 
and satellite vehicles—featured the eight 
technical sessions. In addition, a sym- 
posium on space flight, Honors Night 
Dinner, section luncheon, Annual Business 
Meeting, and trip to IBM’s calculator 
showroom were staged. 


Porter elected 


In all, some 1100 attended the functions. 
At the business meeting announcement 
was made of the election of Richard W. 
Porter as president for 1955 by retiring 
president Andrew G. Haley. Newvice-pres- 
ident is Noah S. Davis, Jr. Elected to 
the Board of Directors are Milton Rosen, 
Wernher von Braun, and Haley, succeed- 
ing G. Edward Pendray, Martin Summer- 
field, and M. J. Zucrow. 

Dr. Porter, general manager of the 
Guided Missile Dept., General Electric 
Co., Schenectady, N. Y., has been an 
ARS director and was vice-president dur- 
ing 1954. 

Reports of standing committees, pre- 
sented at this meeting, will be published 
in the 1954 Annual Report. Of particular 
interest was Membership Chairman J. B. 
Cowen’s disclosure that during the first 11 
months of 1954, the total number of mem- 
bers and subcribers had increased from 
3200 to 3907. 


Proposal to NSF 


A proposal was submitted to the Board 
by Mr. Rosen, chairman of the Space 
Flight Committee, for forwarding to the 
National Science Foundation. It urges 


Summary of technical sessions 


CHEMICAL COMPONENTS 


The Contribution of Chemical Reactions to a 


Time Lag in Nitromethane Rocket Motors. 
K. H. Mueller, Aerojet-General Corp., 
studies the effect of oxygen in the thermal 
decomposition of nitromethane at 250 psia 
and 355 C. He suggests that time lag, 
contributing to combustion instability, is 
caused not only by such physical processes 
as atomization and vaporization, but by 
chemical] reactions as well. 


Hydrazine Logistics. D. W. Ryker, Olin 


Mathieson Corp., discusses the properties 
of hydrazine of interest to the rocket field, 
methods of handling it, and safety pre- 
cautions which should be observed. 


New Techniques for Transferring HO, at 


High Pressure. Noah S. Davis, Jr., and 
Ralph Bloom, Jr., Buffalo Electro-Chemi- 
eal Co., Div., Food Machinery & Chemical 
Corp., deal with means of transferring this 
highly corrosive substance without 
pumps—by decomposing it with a catalyst 
and allowing it to pressurize itself, creating 
sufficient energy to achieve the transfer. 


COMBUSTION 


Stabilized Flames in Turbulent Streams. 


W. G. Berl, J. L. Rice, and P. Rosen, 
Johns Hopkins University, treat this sub- 
ject about which relatively little quantita- 
tive and qualitative information is known. 
Conclusions are drawn in three different 
cases: low turbulence (principal effect is in 
cellular breakup of reaction zone only); 
higher turbulence (flame profiles show 
considerable interlacing of hot and cold gas 
streams); higher velocities (unsatisfactory 
photographic evidence except that continu- 
ous reaction zone breaks up into ‘“dis- 
crete eddies’? at some distance from sta- 
bilizing elements). Other significant find- 
ings: A change in heat release rates occurs 
if combustion proceeds in a constant area 
chamber; there is no ‘‘unambiguous’”’ evi- 
dence for homogeneous reaction assumed 
in the theory of Avery. 


The Structure and Propagation Mechanism 


of Turbulent Flames in High Speed Flow. 
Martin Summerfield, Sydney H. Reiter, 
Victor Kebely, and Richard W. Mascolo, 
Princeton University, discuss this subject, 
important to design of ramjets. They 
show that the turbulent flame is actually a 
“Zone of reaction distributed in depth and 
that laminar flame sheets do not exist in 
this zone to any appreciable extent.’ 
These findings contradict recent theories 
to the effect that the turbulent flame is a 
highly wrinkled or disconnected laminar 
flame, and suggest that the ramjet com- 
bustor can be treated as a continuous-flow 
stirred reactor. Basic theory for the latter 
is already known. 


Incipient Flame Propagation in a Turbulent 


Stream. H. L. Olsen and E. L. Gayhart, 
Johns Hopkins University, in order to con- 
tribute to ramjet design, study flame ker- 
nels propagating from a spark source in a 
free jet, with turbulent flow induced by 
grids. Schlieren photos show that iso- 
tropic turbulent flow does not enhance 
flame propagation while nonisotropic tur- 
bulent flow, downstream of the grids, in- 
creases the rate considerably. The magni- 
tude of the velocity gradient is thought to 
be the factor responsible for the increase. 


The Influence of Turbulence on Flame 


Propagation Rates. R. E. Bolz and H. 
Burlage, Jr., Case Institute, present a 
technique for studying flame propagation. 
It calls for photographing the spherically 
shaped burning zone created by igniting, 
with a single spark discharge, a small zone 


in a free jet of fuel air, as this zone passes 
downstream with the mixture. 

The Effect of an Opposing Jet on Flame 
Stability. Allan Schaffer and Ali Bulent 
Cambel, Northwestern University, propose 
a new technique of flame stablization— 
using an opposing gas jet rather than a bluff 
body. Some results: higher velocities and 
greater span of operation attained; start- 
ing and changes in velocity more easily 
achieved; more evidence supporting ex- 
istence of recirculation zone. 

Rocket Motor Instability Studies. K. Ber- 
man and 8. Cheney, Jr., General Electric 
Co., Schenectady, N. Y., explain initiation 
and occurrence of low and high frequency 
instability using results of recent experi- 
ments conducted with window nozzle, 
Plexiglas insert motors, conventional and 
throatless motors. Results link low and 
high frequency instability. 

A Monograph on the Problem of Combustion 
Instability in Liquid Propellant Rocket 
Motors. Chandler C. Ross and Pau! P. 
Datner, Aerojet-General Corp., repor! on 
results of a very comprehensive study made 
for Air Force of all unclassified information 
on their subject. They review the |ow- 
frequency ‘“‘chugging’’ and ‘‘divergent” 
phenomena, as well as the ‘“‘screaming” 
which occurs at high frequencies. The 
45-page paper concludes that ‘‘combustion 
instability is one of the most serious diffi- 
culties encountered in the development of 
liquid-propellant rocket engines.” Vari- 
ous means of eliminating the problem are 
proposed. 


DESIGN 


Some Aspects of Liquid Propellant Rocket 
Engine Design. Howard J. Jansen, Bell 
Aircraft Corp., deals with considerations 
the designer should observe through origi- 
nal design, development testing, manu- 
facturing, production testing, and flight 
test. 

Rocket Simplification with Multi-Function 
Components. Bernard Ellis, Reaction 
Motors, Inc., Rockaway, N. J., suggests 
possible means of eliminating complexity of 
components by (1) cutting out unnecessary 
functions; (2) simplifying hardware for 
cooling, mixing, starting, pressurizing, 
expulsion, pumping, and valving. 

Flow Separation in Supersonic Nozzles. 
John W. Drebinger and John O. Crum, 
Hughes Aircraft Co., theorize that shock- 
wave and boundary layer interaction cause 
the separation and propose a means of pre- 
dicting conditions needed to effect the 
separation. 

The Effect of Ambient Pressure Oscillations 
on the Disintegration and Dispersion of a 
Liquid Jet. C.C. Miesse, Aerojet-General 
Corp., investigates the results of imposing 
a high intensity acougtic field on the jet. 
In two experiments, used a localized sound 
source, directed perpendicular to the 
stream, and an axial cavity resonance par- 
allel tothe stream. The first dispersed the 
droplets in a diverging sinusoidal configu- 
ration and the second coalesced them. The 
magnitude of each effect decreased with an 
increase in either stream velocity of fre- 
quency of imposed oscillation. 

General Enthalpy-Temperature-Entropy Dia- 
gram for Ideal Gases and Gas Mixtures up 
to 5000 K. W. C. Noeggerath, Lockheed 
Aircraft Corp., Van Nuys, Calif., repre- 
sents the enthalpy and entropy of all bi- 
and tri-atomic gases and their mixtures in a 
single diagram. This represents a unique 
contribution to jet propulsion thermody- 
namics, since Mollier diagrams are not 
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available for most gases encountered in this 
field. The diagram shows the effect of 
temperature variation of specific heat for 
many gases. 

The Determination of Transient Tempera- 
tures and Heat Transfer at a Gas-Metal 
Interface Applied to a 40-mm Gun Barrel. 
Ww. H. Giedt, Detroit Controls Corp., 
Redwood City, Calif., presents a method 
of measuring rapidly changing temperature 
and heat transfer under conditions of uni- 
directional heat flow—a factor increasingly 
more important in rocket and jet propul- 
sion. He uses four thermocouples along 
the barrel of a 40-mm gun and reads the 


4. 
ballistic heat transfer. gaia wy 4 


A Program for Vibration Control. G. Chris- 
topher and B. Levine, General Electric 
Co., outline the program at the GE Guided 
Missiles Dept. The essential steps: (1) 
determination of vibration environment by 
monitoring vibrations at sources; (2) con- 
sideration of potential effects of vibration 
during preliminary design of propulsion, 
guidance, control, and structures systems 
and during selection of components; (3) 
quilitative determination of vibration 
factor of safety through development test- 
ing and redesign. 

Static Seals for Missile Applications. R. R. 
Ashmead, North American Aviation, Inc., 
Downey, Calif., covers a temperature 
range from —300 F through 1400 F. He 
deals with hardening, contraction, and 
compatibility in low temperatures. Con- 
clusions are that a good seal operates 
equally well at high and low temperatures, 
except for the influence of contraction and 
expansion; that plastics work well at low 
temperatures, likewise rubber ‘‘O”’ rings if 
compressed; that expanding compounds 
are not satisfactory above 1000 F; that 

0! t seals have the greatest range. ; 

Static Seal for Low Temperature Fluids. 
Stanley E. Logan, General Electric, dis- 
cusses the sealing of liquid oxygen and 
other low-temperature fluids. He de- 
scribes a seal which creates leak-stopping 
stresses when it experiences a temperature 
drop. It has been effective on both liquid 
oxygen and liquid nitrogen, and may be 
applicable to liquid hydrogen and liquid 
helium. 


SPACE FLIGHT 


A Preliminary Design Study of a Three-Stage 
Satellite Ferry Rocket Vehicle with 
Piloted Recoverable Stages. Darrell C. 
Romick, Richard E. Van Knight, and 
John M. Van Pelt, Goodyear Aircraft 
Corp., Akron, Ohio, detail a 41-page report 
on a 10,390-ton craft which would drop two 
recoverable stages and establish a 35-ton 
final stage containing men and cargo in a 
500-mile orbit. 


The Incremental Step Rocket in Free 
Space. Hugh R. Wahlin, Bell Aircraft, 
develops basic equations for operation of 
the Goddard-conceived step rocket, then 
compares it to conventional rockets, in- 
cluding burnout velocity graphs for making 
the comparisons. He points out signifi- 
cant performance gains over mass ratios 
achieved with conventional rockets. 


High Altitude Launching of a Small Orbital 
Vehicle. Kurt Stehling, Bell Aircraft, 
and R. M. Missert, University of Iowa, 
Ames, Iowa, propose a three-stage rocket 
which would be carried to 15 miles by a 
200-ft-diam helium balloon and fired. It 
would establish a 30-lb payload in a 200- 
inile orbit. Total thrust needed: 246,000 
lb. 


Note: Summary of the Space Flight 
Symposium and Testing session will be 
found on page 55. 
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“FROM SYNCHROS TO 150 HP 
WITHOUT 
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SHYDRAULIC 
AMPLIFICATION 


Ford engineers have developed a highly accurate synchroniz- 
ing gun drive that is amplified from a small synchro motor to 
150 horsepower purely by hydraulic amplification. With the 
addition of the Ford-perfected Error Reducer, the drive con- 
trols the power to train and elevate the guns, thus achieving 
continuous aiming of the guns with extremely high accuracy. 
Full use is being made of this experience with hydraulic 
servo gun drives in Ford’s current work on reactor controls. 


This hydraulic amplifying system is typical of the unusual 
amplifying systems developed by Ford Instrument Company 
over the past forty years. Other examples are the electronic 
amplifier circuits in mission control computers for the Navy 
Bureau of Aeronautics, magnetic amplifier circuits for power 
drives, and transistor amplifiers for missile guidance systems. 


If you have a problem in control engineering, Ford Instru- 
ment Company’s forty years of experience in high precision 
design and production will help you find the answer. > 


FORD INSTRUMENT COMPANY 


DIVISION OF THE SPERRY CORPORATION 
31-10 Thomson Avenue, Long Island City 1, N.Y. 


‘ENGINEERS 
f unusual abilities can find 
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that NSF make a study of the utility of an 
artificial unmanned earth satellite. Ap- 
pendixes to the report included discussions 
by distinguished scientists of the signifi- 
cance a satellite would have in such fields 
as astronomy, astrophysics, biology, com- 
munication, geodesy, and geophysics. 

At the Section luncheon, presided over 
by president Haley, accounts of the year’s 
activities came from representatives of 
thirteen of the 20 existing sections (see 
Section Doings, p. 44). 


Award to von Karman 


Two new awards—one for astronautics 
and the other for outstanding application 
of rocket power—were presented at the 
dinner. 

First recipient of the Astronautics 
Award is Theodore von Kaérmén, eminent 
73-year old scientist, chairman of the 
Advisory Group for Aeronautical Research 
and Development, North Atlantic Treaty 
Organization, Paris. Von Kérmén was 
one of the first U. S. scientists to encour- 
age study of the feasibility of space flight 
while director of the Guggenheim Aero- 
nautical Laboratory at CalTech in the 
late ’30’s. He was the first Fellow ever 
chosen by ARS (in 1949). 


Maj. Gen. Leslie E. Simon, speaker of 
the evening, received the award for von 
K4rm4n from president Haley. Haley, 
who urged the establishment of the Astro- 
nautics Award by ARS, has endowed it 
himself. 

Winner of the first James H. Wyld Me- 
morial Award is M. Rosen, whose Viking re- 
search rocket broke its own altitude record 
for single stage vehicles in 1954 by reach- 
ing 158 miles. The Wyld plaque, en- 
dowed by Reaction Motors, Inc:, and 
given for outstanding application of rocket 
power, has been established in memory of 
the former ARS president and founder of 
RMI who died in 1953 at the age of 41. 
It was presented by his widow. 

A. M. O. Smith of Douglas Aircraft was 
presented with the Robert H. Goddard 
Memorial Award for liquid propellant 
work by Mrs. Goddard. Smith worked on 
liquid propellant rockets at CalTech in 
1938 and later as chief engineer of Aerojet 
Engineering Corp (now Aerojet-General). 

The C. N. Hickman Award for contri- 
bution to solid propellant rocket advance- 
ment went to H. W. Ritchey, technical 
director of the Redstone Division of Thio- 
kol Chemical Corp. Ritchey has had 


charge of the development of many claggj- 
fied solid propellant rockets and boosters, 


Summerfield honored 


The G. Edward Pendray Award for 
contribution to literature in the rocket and 
jet propulsion field was received from 
Pendray by Summerfield, editor of Jzy 
Proputsion and author of many signifi- 
cant technical papers. 

The following fellows were elected: 


* Lawrence D. Bell, president, Bell Air 
craft. A veteran of more than 40 years in 
the aircraft field, he has been a leading 
advocate of scientific research in aircraft, 
helicopters, and guided missiles. 

* K. J. Bossart, assistant chief engineer, 
Convair. Bossart was cited in “‘recogni- 
tion of broad and general services rendered 
in the field of rocket and jet engine pro- 
pulsion and for the management of an 
outstanding engineering organization deal- 
ing with rockets and_ rocket-propelled 
missiles.”’ 

* E.N. Hall, Lt. Col. USAF, Air Rescarch 
and Development Command. Former 
head of the propulsion section of Air 
Force Intelligence at Wright Field, Hall 


Mrs. Goddard gives liquid propellant award to Smith 


JET PROPULSION 


tamje 
stabil: 
paper 
this s 
bility, 
Datne 
staten 
standi 
consid 
of roc 
ble pr 


Janu 


sounc 
Air F 
plant 
Cited 
ing 
tion 1 
A. 
more 
natio: 
forts 
curre 
*Cly 
Grow: 
Toml 
lite 
* Elr 
= neer, 
has h 
Corp: 
mes, 
fied g 
F 
Gene! 
activi 
Whit 
many 
Wyld award d 
oe awar' is gi i i 
a y presented to Rosen by Mrs. Wyld Summerfield is given technical literature award by Pendray of str. 
not de 
fuel ti 
: Hickman medal goes to Ritchey for solid propellants 


gets much of the credit for setting up a 
gound liaison between industry and the 
Air Force on rocket engine development. 

+ §, K. Hoffman, manager, rocket engine 
plant, North American Aviation, Inc. 
Cited for ‘creating, stimulating and manag- 
ing an outstanding technical organiza- 
tion in the field of rocketry.”’, 

* A. C. Slade, secretary, ARS. For 
more than 10 years the administrator of 
national headquarters, Mrs. Slade’s ef- 
forts have helped the Society grow from a 
membership of less than 300 in 1944 to its 
current size of almost 4000. 

* Clyde Tombaugh, project engineer on 
satellite search, White Sands Proving 
Ground. A distinguished astronomer, 
Tombaugh has been conducting his satel- 
lite search program for Army Ordnance. 
*Elmer P. Wheaton, chief project engi- 
neer, missiles, Douglas Aircraft Co. He 
has helped develop the Roc, Wac Corporal, 
Corporal, Bumper-Wac, Sparrow, Her- 
mes, Nike, Honest John, and other classi- 
fied guided missiles. 

*L. D. White, supervising engineer, 
Generl Electric Co. In charge of field 
activities for GE at WSPG since 1945, 
White has supervised the launchings of 
many missiles. 


Special award to Haley 

A special surprise award was presented 
by George Sutton, chairman of the Awards 
Committee, to president Haley on behalf 
of a group of members who chose to re- 
main anonymous. It was a bronze plaque 
carrying a citation which paid tribute to 
the enormous amount of work which Haley 
has done for ARS. 


Reviews missile advances 

The talk given by Gen. Simon, who is 
Assistant Chief of Ordnance and head of 
research and development, dealt compre- 
hensively with progress in rockets and 
guided missiles in the postwar era. 

The keynote was his remark that 
“searcely one of them (today’s rocket 
weapons) could have been successful if re- 
search and development scientists laboring 
far in the background had not produced 
such things as large, extruded, propellant 
grains. ..had not increased our knowledge 
of structures for supersonic speeds; and had 
not developed compact but powerful liquid- 
fuel turbopumps.”’ 

He reviewed advances in structures, 
materials, guidance and control, propul- 
sion and fuels, aerodynamics, and missile 
reliability. 

Papers reflect problems 


As if in illustration of Gen. Simon’s talk, 
the eight technical sessions (summarized 
on pages 40, 41, 55) dealt with many of the 
problems which he had pin-pointed. 

Still plaguing advance in rockets and 
tamjets, for instance, is combustion in- 
stability. No less than ten of the 33 
papers dealt directly or indirectly with 
this subject. The monograph on insta- 
bility, delivered by C. C. Ross and P. P. 
Datner of Aerojet-General, included the 
statement that “. . .a complete under- 
standing and solution of the problem are 
considered imperative if the development 
of rocket power plants is to make reasona- 
ble progress.”’ 
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“GET ‘EM 
ON THE RISE!” 


TO ENGINEERS whoare skilled 
in aerodynamics...or structural 
design...or flutter and dynamics... 
or electronics...or physics...or 
missiles control...or weapons sys- 
tems, BEECHCRAFT may offer an 
opportunity that is quite superior 
to the average job opening. 


BrEecucraFT has long been known 
as the leader in the production of 
civilian and executive type air- 
craft. This market is now growing 
rapidly as the top businessmen 
all over the world begin to appre- 
ciate the increased financial 
returns made possible by com- 
pany airplanes. 


This corporation and executive 
market is a stabilizing influence 
on BEECHCRAFT’S volume of pro- 
duction, which actually consists 
of a major portion of military 
work and a lesser portion of com- 
mercial work. 


BEECHCRAFT is aggressively enter- 
ing new fields and needs skilled 
engineers to do creative work of 
top-level quality in these fields. 
If you would like to be associated 
with a leading organization that 
is large enough to have diversi- 
fication of product, but small 
enough to insure recognition of 
personal ability shown by those 
who have it, and if you do possess 
superior skills in the categories 
first mentioned, write to — 


eechcraft 


Beech Aircraft Corporation, 
Wichita, Kansas, U.S. A. 
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Section Doings 


ARS SECTION PRESIDENTS 


Alabama: Josep Wiaains, Thiokol Chem. Corp.; Arizona: R. H. Hansen, Hughes Aircraft 
Co.; Central Texas: B.S. ADELMAN, Phillips Petroleum Co.; Chicago: K. H. Jacoss, American 
Machine & Foundry Co.; Cleveland-Akron: JoHn Stoop, NACA; Detroit: Laurence M. 
Batu, Chrysler Corp.; Florida: K. K. McDantget, Boeing Airplane Co.; Indiana: A. R. Gra- 
HAM, Purdue Univ.; Maryland: W.G. Purpy, Glenn L. Martin Co.; National Capital: J. R. 
Patron, Jr., Office of Naval Research; New Mexico-West Texas: F. L. Korn, Jr., WSPG; New 
York: M. J. Samex, American Electro-Metal Corp.; Niagara Frontier: W. Spratruine, Bell 
Aircraft Corp.; Northeastern New York: Kurt Berman, General Electric Co.; Northern Cali- 
fornia: W. J. Barr, Detroit Controls Corp.; Pacific Northwest: R.M.Ciayron, Boeing Air- 
plane Co.; Princeton Group: Irvin GLAssMAN, Princeton Univ.; Southern California: H. S. 
SEIFERT, Ramo-Wooldridge Corp.; Southern Ohio: W. J. Mizen, Bendix Aviation Corp.; 
Twin Cities: J. J. Scnons, Univ. of Minnesota. 


A. 


Officers and directors of Central Texas Section: Left to right: Vogel, Guest, Adelman, 
Lynn, Kiphart, Rush, Terry, Baker 


Sections bringing rocket story to students 


HREE sections have started education 

programs designed to boost interest in 
rocket and jet propulsion among high 
schools, colleges, and civic groups. 

Southern Ohio, led by W. J. Mizen, has 
started an “Education Committee’’ under 
William Cooley, which will arrange for 
section members to deliver lectures in 
their locales. 

Purpose of such committees is well de- 
fined by Alabama where Joseph Wiggins 
has appointed Eugene McClard as chair- 
man: ‘The committee hopes to encourage 
students to further their education through 
interesting lectures about rockets, guided 
missiles, space travel and their related 
sciences. Each speaker will lecture about 
his own field but will emphasize the im- 
portance of the basic sciences, not only to 
rocketry, but in all walks of life.”’ 

“McClard’s committee is preparing a list 
of abstracts of talks which will be made 
available to high-school principals. 

Laurence M. Ball, Detroit’s head, says 
that the section is already contacting the 
school board as well as high-school prin- 
cipals. Advantages pointed out by C. A. 
Gibson, Detroit publicity chairman, are: 
(1) encourages students to enter rocket 
field; (2) dispels misconceptions fostered 
by television, comics, and movies about 
space travel; (3) provides publicity for 
section; (4) gives speaking experience to 
member. 

Other activities among the sections: 

Alabama. Brig. Gen. H. F. Toftoy and 
Wernher von Braun spoke to 180 at an 
Oct. 1 dinner meeting. Von Braun’s talk 
was on space medicine. Gen. Toftoy, head 
of Redstone Arsenal and Fellow Member 
of ARS, urged support of the section’s 
activities. A Nov. 4 meeting consisted of 
film showings and refreshments. 

Arizona. President R. H. Hansen re- 
ports that membership numbers 39, and 
that officers are: E. J. Meyer, vice-presi- 
dent; J. J. Tamsen, secretary; R. Roney, 
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treasurer. Directors are E. Forman, H. 
Dahms, and J. Anthony. In a detailed 
report, Hansen submitted suggestions on 
membership, finances, and the JouRNAL 
to the national office. Dahms spoke at a 
November meeting on solid propellant 
rocket motor design. 1955 plans include 
a meeting at Stewart Observatory, Univ. of 
Arizona. 

Central Texas. Membership numbers 
38, reports secretary R. C. Terry. Be- 
sides Terry and B. R. Adelman, president, 
the officers are: J. M. Vogel, vice-presi- 
dent; and O. W. Kiphart, treasurer. All 
are from the Rocket Fuels Div., Phillips 
Petroleum Co., McGregor. Directors, 
also from Phillips, are F. K. Guest, L. R. 
Lynn, E. E. Rush, and J. B. Baker (photo, 
above). 

Cleveland-Akron. H. F. Lanier of 
Goodyear Aircraft spoke on systems en- 
gineering in guided missiles at Case In- 
stitute in October. On Nov. 11, L. G. 
Bonner of Allegany Ballistics Laboratory, 
was featured lecturer at a dinner meeting 
in Akron. George R. Kinney reports that 


Mr. Bonner pointed out the relative inex- 
pensiveness and lack of complexity of solid 


Von Braun, Toftoy, and Wiggins of Ala- 
bama Section 


propellants, and described new processing 
methods. 

Detroit. A.B. Ash and V. A. Sylvester 
took part in a vocational guidance pro. 
gram sponsored by the Engineering Soci. 
ety of Detroit (of which the section is q 
member). Ash, Joseph Rutkowski, R. B. 
Morrison, and William Liller appeared for 
ARS on a television panel discussion of 
space flight on Nov. 16. 

On Nov. 16, at the Univ. of Michigan, g 
meeting open to University students was 


held. L. C. Widdoes, associated with the 
Michigan Memorial Phoenix Project, 
lectured on nuclear propulsion. He said 


that the application of nuclear energy to 
propulsion in turbojet, ramjet, and rocket 
engines would open up a ‘‘Pandora’s box” 
of problems. He discussed the bulk and 
weight of a power plant needed for « hy- 
pothetical 100,000-lb missile, and said 
that the ballistic performance could be 
competitive with a chemical fueled missile 
but it would not be “revolutionary.” 

The section nominated D. A. Forman 
and J. R. Sellars for the Engineering 
Society of Detroit’s ‘‘Award of Achieve- 
ment for the Young Engineer.” 


Indiana. James A. Bottorff reports 


that 75 people heard C. F. Warner talk on 


Truax, Haley, Patton of National Capital 
Section 


liquid propellants on Oct. 20. President 
A. R. Graham announced a series of space 
flight lectures to be presented by graduate 
student members. On Nov. 11, Kurt 
Stehling of Bell Aircraft spoke to 100 on 
rocket aircraft, and showed an accom- 
panying film. Nineteen new applications 
were received at the two meetings. 

Greater St. Louis. Section members 
attended a confidential panel discussion on 
propulsion systems for supersonic aircraft 
sponsored by IAS on Dec. 1. 

Maryland. ARS Director R. C. Truax 
issued a call for suppayt of a national space 
flight program at an Oct. 19 public meet- 
ing. On Nov. 16 Robert S. Lincoln of 
Johns Hopkins University talked on hu- 
man factors in engineering design. He 
described the design and performance of 
man-machine systems tailored to meet 4 
human’s responses efficiently. 

National Capital. R. C. Truax gave a 
film-illustrated talk on early rocket de- 
velopment in the Navy on Oct. 26 (photo, 
above). On Nov. 18, S. F. Singer led a 
panel discussion on the utility and fea- 
sibility of minimum satellites. Other 
participants: Charles Ellis, Reaction 
Motors; Francois Frenkiel, APL, Johns 
Hopkins; C. Ruckstuhl, Bendix-Pacific; 
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Gordon Vaeth, ONR; Harry Wexler, 
U.S. Weather Bureau. 

New officers are: Esterly C. Page, pres- 
ident; Truax, vice-president; Erik R. 
Bergaust, secretary; Ethna White, treas- 
wer. Directors elected are: Milton 
Rosen, NRL, and J. W. Mullen, Experi- 
ment, Inc. 

New Mexico-West Texas. The section 
celebrated its fifth anniversary on Nov. 17 
and recalled the events marking its prog- 
ress. A complete list of meetings dating 
back to Jan. 10, 1950, with details on 
speaker, subject, and program, was com- 
piled and sent to all other sections. (This 
isa fine guide for program chairmen and 
section officers. If your section has not 
received it, request from national office. ) 

Me:bership stands at more than 200, an 
increase of 85% over 1953. 

New York. Jonathan Leonard, science 
editor of Time, spoke on space flight 
“eylts’’ at an October dinner meeting. 

New directors are: R. L. Graupe, Fair- 
child, !Sngine Division; C. J. Marsel, New 
York Univ.; M. Schneider, Republic 
Aviat on; P. M. Terlizzi, USNARTS. 

Tw» lectures on space flight were given 
by Osvar E. Holt, W. L. Maxson Corp. be- 
fore s'udents at NYU and Brooklyn Poly. 

No:theastern New York. J. J. Har- 
ford, ARS executive secretary, spoke on 
the history and current plans of the society 
before a dinner meeting, Oct. 26. FE. I. 
Finger, secretary, reports that an interest- 
ing talk on high-temperature metals was 
given by T. A. Prater of General Electric’s 
Research Laboratory in November. He 
said that working with lead at room tem- 
peratures gives appreciable knowledge of 
the characteristics of steels at elevated 
temperatures. He also mentioned new 
uses of iron and aluminum alloys made 
possible by vacuum melting furnaces. 

Southern California. A confidential 
pane! discussion on rocket propulsion sys- 
tems was held at NOTS. in Pasadena on 
Nov. 10. 

Southern Ohio. Roy E. Marquardt, 
president of Marquardt Aircraft Co., spoke 
on 10 years of progress in ramjets on Nov. 
18. W. J. Mizen has taken the office of 
president; plans for membership, pro- 
gram, publicity, education (above), and 
technical papers committees are being 
formulated at meetings. 


JATO session with IAS 


On Jan. 27 at the Hotel Astor, 
New York, ARS will have a session 
on “JATO for aircraft” at the 
Annual Meeting of Institute of the 
Aeronautical Sciences. Papers to 
to delivered include: “Thrust Prog- | 
ress on Solid Propellant Boosters | 
by Choice of Propellant Con- | 
figurations and Compositions” by 
H. W. Ritchey, Thiokol Chemical 
Corp.; “Zero Length Launch for 
Matadors” by Ivan E. Tuhy of | 
Glenn L. Martin; ‘Commerical | 
Aireraft JATO Applications” by | 
ht. L. Hirsh, Aerojet-General Corp; 
and “Advantages of Liquid Pro- | 
pellant Rocket Engines for JATO” | 
by D. F. Ferries, Reaction Motors. 
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this nut 
may solve 
your 
fastening 


NS-110 Stainless steel 1-8, 
self locking, floating 
anchor nut. 


may need 
this one 


4605-40 steel #4-40 self 
locking fixed dome nut. 


Self locking anchor nuts are solving many complex fastening problems, 
especially where corrosion, vibration and high temperatures exist. Whether 
your application requires a standard or 
special type, we can supply it in steel, 
stainless steel, titanium or aluminum; 
thread sizes 1-8 to 4-40. Write for 
booklet, SOLUTIONS TO FASTENING 
PROBLEMS on your company letterhead. 


811 AIRWAY, GLENDALE 1, CALIF. 


MANUFACTURERS OF SELF LOCKING ANCHOR NUTS & BOLT AND NUT RETAINERS. 
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ENGINEERS OR PHYSICISTS 
FOR RESEARCH PERTAINING TO 
ROCKET PROPULSION 


Recent graduates with pro- 
fessional degree or Ph.D. re- 
ceived since 1945 are required 
for: 


1) Research in combustion 
stressing fluid dynamical 
aspects. 


2) Research in non-steady 
fluid flow with energy 
and mass transfer. 


Research engineer and test 
engineer (MS, mechanical or 
chemical) are required to en- 
gage in experimental programs. 


Airmail your summary of qualifi- 
cations to. 


Caltech 
JET PROPULSION LABORATORY 


4800 Oak Grove Drive 
Pasadena 3, California 


FOR SALE 
Pictures and films 


Unusual Phenomena 
in the Skies 


Jupiter with Comets 
taken with 35MM motion picture camera 


Many known luminous bodies of different 
shapes and sizes passing under or next 
to the sun. Other phenomena like sun- 
spots, traveling over the sun. 

* 
Pictures of comets around Jupiter, a fire 
serpent, and many more objects in the 
sky. Unbelievable if you could not see 
them for yourself. 

A motion picture of the 1947 Eclipse 
with planets moving around the sun. 
Also a motion picture of “Birth of a 
Moon” and others. 


Write to Mrs. L. H. Stieber for appointment 
548 Norwich Drive 
Los Angeles 48, California 


TAF at Innsbruck: 
Report from 
official ARS delegate 


in attendance 


Last summer, at Innsbruck, Austria, 
the Fifth Annual Congress of the In- 
ternational Astronautical Federation 
was held, Aug. 1 to7. ARS appointed 
two official delegates to the Congress— 
Darrell C. Romick and Richard F. 
Gompertz. Mr. Romick presents here 
his description of the business, social, 


and technical programs which took 
place. 

Next year’s Congress, to be hild in 
Copenhagen, will take place Aug 1 to 
Aug. 6. An organized tour for ARS 
members and guests is planned. De 
tails will be announced in a subse: ,uent 
issue of JET PROPULSION. 


Opening business 
meeting shows, 
clockwise from 
Durant (right), Haley, 
Kaeppeler, Ordway, 
Gompertz, Romick 


Left to right: 
Josef Stemmer, 
IAF secretary; 
Romick, ARS; 
Durant, ARS 


Left to right: 
Thirring ; 

von Karman; 

IAF president Haley 
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IAF delegates from 17 countries, repre- 
gnting almost 8000 members, arrived at 
the Brienoss! Restaurant in Innsbruck on 
Aug. 1, where a reception dinner was held. 
At the same restaurant, six days later, a 
fnal festive banquet marked the end of 
the Fifth Annual Congress. 

Between these two pleasant occasions 
was a week of concerted effort dedicated 
to advancement of the science of astro- 
sautics. The Congress, opened with ad- 
dresses by President F. C. Durant, III; 
Friedrich Hecht, vice-president and presi- 
dent of the Austrian IAF society; the 
Burgomeister of Innsbruck; Theodore von 
Kérmén; Guido von Pirquet; Hermann 
(berth; and others. 

Pleniry sessions included election of 

officers. committee reports, and considera- 
tion of applications of societies for mem- 
pershi}:. Durant was re-elected president; 
T. M. Tabanera of Argentina was made 
vice-president for overseas affairs; and 
Hans 3uch-Anderson of Denmark, vice- 
president for European affairs. 
Con mittee activities reviewed included 
the St: ndards Committee, which is issuing 
aglos-ary of standard astronautical ter- 
ninolozy, and the International Relations 
Committee which is working with UNES- 
00. 

Decision was made to begin publica- 
tio o! a technical journal, Astronautica 
ida. Societies from Japan and Brazil 
were accepted for membership. 

Opening of the technical sessions was by 
Hans Thirring, world-renowned Viennese 
physicist. Abstracts of some of the papers 
follow : 

*A. J. Zaehringer, American Rocket Co., 
Wyandotte, Mich., pointed out the ad- 
vantages offered by solid propellant rock- 
gin some cases. Efficiency (in terms of 
tolal impulse divided by total weight) is 
greater at lower cost and complexity. In 
wunding rockets, for example, based on a 
pecific impulse of 200 sec and cost of 
$1.00 per lb, the cost of a vehicle of V-2 
impulse capacity would be $50,000 plus 
instrumentation. 

* Krafft Ehricke of Bell Aircraft presented 
apart of the work which he has been doing 
norbital mechanics. He examined vari- 
ous orbits—500 to 700 miles for permanent 
more than 10 years) observational 
vehicles; 360 to 400 miles for temporary 
less than one year) assembly of interorbi- 
ul vehicles; 120 to 150 miles for short 
lime (few hours) payload and fuel trans- 
fs. He also discussed 30,000 to 40,000- 
nile orbits for return from Mars or Venus, 
vhere pickup would be made by vehicles 
om the earth. 


‘Darrell Romick, Goodyear Aircraft 
(orp., developed relationships between 
design parameters (thrust, horse- 
wwer, exhaust velocity, total vehicle 
Weight, weight to horsepower ratios, etc. ) 
plicable to a wide range of exhaust ve- 
ieities. They are mainly applicable to 
hips covering great distances across free 
pace. He applied these relationships to 
“ample preliminary design of a ship utiliz- 
ing linear electronic accelerator drive, 
which develops 363,600 horsepower, has a 
propellant consumption of 11.6 Ib per hr, 
iid endurance of 500 days, and would 
‘ver 10° miles in three years, carrying a 
dayload of 40 tons. 
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ROCKET ENGINE 
DESIGNERS 


CONVAIR 


INVITES YOU TO MAKE YOUR HOME 
IN BEAUTIFUL SAN DIEGO, CALIFORNIA 


Here is your opportunity to move to this beautiful community — and 
take your place in the interesting, explorative, energetic Convair 
Engineering Department. 

San Diego's wonderful climate, varied topography and natural beauty 
give to you and your family this country's finest living conditions. And the 
Convair Engineering Department — an “engineers” engineering depart- 
ment — offers you stability, plus the stimulation of challenging work 
on a wide variety of projects with interesting, competent associates 


Convair also has a limited number of openings for aircraft designers 
in structural design, electronic installation and hydraulics. 


Moving and travel allowances will be paid. Housing plentiful and 
reasonable. 


PLEASE WRITE: H. T. Brooks, Engineering Personnel, 
Convair, 3302 Pacific Hiway, Dept. 1401 
San Diego 12, California 


Complete details will be sent at once. All replies treated confidentially. 


Convair's widely-publicized XFY-1...the new Convair delta wing 
vertical take-off plane designed, engineered and built inSanDiego. 
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Giannini low pressure transmitters 
utilize a pr potenti ter 
element to translate pressure signals 
into proportional electrical signals 
(20-50 volts), requiring little 
or no amplification. 


MODEL 45176 

Models are available with single or 
multiple outputs, and can be linear 
with airspeed, altitude, pressure, or 
to natural or empirical functions. 

Ranges from +0.5 psi., diff. to 
0-150 psi., (abs., diff., gage), under 
normal environmental conditions, or 
extreme conditions of high acceler- 
ation, severe shock or vibration. 
Write for complete engineering 


MODEL 45177 


G. M. GIANNINI & CO., INC. 
INSTRUMENT DIVISION 
PASADENA 1, CALIFORNIA 


* The possibilities of electrical space-ship 
propulsion were explored by Ernst Stuhl- 
inger, Redstone Arsenal. He proposed 
using electrically accelerated ions and 
electrons of caesium or rubidium gener- 
ated by incandescent platinum surfaces. 
Power for the accelerating fields is ob- 
tained from  turbo-electric generators 
deriving heat from the sun. Acceleration 
of a ship with this type of drive is about 
4X 10g. With a payload of 50 tons, 
an initial weight of 270 tons could cover 
114 million miles in one year. 

* H. J. Schaefer of the U.S. Navy School 
of Aviation Medicine, Pensacola, Fla., 
examined the problem of exposure in 
space to cosmic nuclei in terms of probable 
biological effect. He cited studies of 
radiation exposure in atomic energy and 
x-ray work as indication that dosages up 
to certain limits can be taken without 
harm. Harm would come only when tis- 
sue damage above the rate of normal re- 
placement impeded biological functions. 


* The border of free space, in terms of its 
physiological effects, was dealt with by 
Hubertus Strughold, USAF School of 
Medicine, Randolph AFB, Texas. Lack 
of sufficient oxygen, he reported, is en- 
countered at 50,000 ft. The time of use- 
ful consciousness there is 15 sec, and does 
not get less above this height, as far as is 
known. Border for boiling of body fluids 
is 63,000 ft. Above 80,000 ft, cabin 
supercharging cannot be used (because of 
ozone concentration and other factors) 
and a sealed environment is needed. Cus- 
tomary protection of the atmosphere from 
small meteors, cosmic rays, ultraviolet 
rays, etc., decreases below the effective 
level at relatively low regions which have 
been reached by our rockets. Dynamic 
equivalent conditions, such as zero grav- 
ity, can be duplicated by aircraft. Con- 
clusion: in our latest aircraft, passing the 
90,000-ft level, we are encountering and 
solving many of the physiological problems 
of manned space flight. 

* I. M. Levitt, Fels Planetarium, Phila- 
delphia, treated the theoretical and prac- 
tical aspects of space flight. He envisions 
the use of existing hardware to build a 
small three-stage vehicle for placing a 
simple payload of less than 10 lb in an 
orbit. It would be a self-erecting alumi- 
num-foil sphere which would appear as a 
first magnitude star and could be opti- 
cally tracked. He points out the value 
which absolute measurement of “g’’ 
would mean to oil companies and geo- 
physicists. 

* Trene Sanger-Bredt, Germany, discusses 
the fundamental nature of high-speed 
exothermic reactions from a_physical- 
chemical standpoint. As a means of by- 
passing thermodynamic equilibrium and 
mass action studies, a new experimental 
method utilizing molecular beams was 
presented. Spectroscopic analysis is used 
and the reactions of hydrogen and oxygen 
analyzed. 


* H. H. Kolle, Germany, dealt with the 
influence of turbopump characteristics on 
the flight performance of a large rocket 
vehicle. He related the pertinent parame- 
ters (size of rocket, amount of fuel to 
be pumped, burning time) to design 
characteristics and considered the ad- 
vantages of various turbopump systems. 


* N. H. Langton, England, derived equa- 
tions for size and velocity of meteors 
whose energy would be thermally diggj- 
pated by bumper screens of given thick- 
ness. Calculations show that a l-mm 
aluminum screen should stop metvcorites 
up to the size expected to be encountered 
once each 21/2 years. 
* II. Preston-Thomas, Canada, considered 
the use of ion rockets (not subject io per- 
formance limitatigns of chemical rockets) 
in reaching minimal orbits to inne, plan- 
ets, and for transfer to outer planes. He 
derived curves for shorter trips to Mars 
and operating characteristics for an |Jarth- 
Neptune flight. 
* The methods of controlling long-range 
or orbital rocket vehicles were pre-ented 
by J. M. J. Kooy, Holland. He con- dered 
self-contained and externally guid: | sys- 
tems, gyro systems as well as extern | con- 
trol, and radar systems for making meas- 
urements. 
* D. F. Lawden, England, dealt wit .: opti- 
mal programming of rocket thrust direc- 
tion. For maximum effectivene he 
said, thrust direction does not alway : coin- 
cide with trajectory direction whi n the 
latter is a curve. He derived o)timal 
trajectory equations for the gener:\| case 
of a rocket moving in a specific g: avita- 
tional field, subject to atmospheric resist- 
ance. He solved equations for a rocket 
moving in a vacuum in a uniform fild. 
* M. Vertregt, Holland, proposed a ~imple 
system of notation and ratios for c:lcula- 
tions of step rocket performance. | le de- 
lineated between step and_ subrockets, 
treated each with definite notation and 
ratio concept. The ratios are defined 
so as to be greater than one at all times. 
Resulting equations are symmetric. 
* Eugen Sanger, Germany, dealt with the 
astrophysical theories of continuous nu- 
clear reactions as applied to artificial’ 
induced reactions. He gave maximum 
rates of heat production per given volume 
for various pressures on hydrogen and the 
heavier elements. He derived theoretical 
pressures and dimensions to indicate the 
requirements which can be met for such 
sustained reactions. The three basic 
ways to use enthalpy in such nuclear com- 
bustion processes, he reported, are: direct 
expansion of nuclear material gas through 
rocket nozzles, mixing with other gases s0 
expanded, and transformation of the 
energy into direct photons. 
*H. J. Kaeppeler and M. E. Kubler, 
Germany, disclosed details for return of 
winged vehicles from satellite stations, 
dividing the problem into three phases: 
departure from edit, elliptical descent, 
and re-entry into the atmosphere. The 
kinetics of each of the phases were pre- 
sented. For the last phase, involving op- 
eration in the earth’s atmosphere, con- 
siderations of lift, drag, stagnation pres 
sure, maximum deceleration and maximum 
skin temperatures were presented. 
Interesting tours were arranged through- 
out the week, including a mountain-top 
dinner (on a 6000-ft peak overlooking the 
city, reached by cable car), a visit to the 
University of Innsbruck cosmic-ray sta- 
tion, a bus tour through the Tyrolean 
Alps to the Planneswerke powder metal- 
lurgy plant at Reutte, and a plane tour 
over the Alps. 
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Book Reviews 


Engineering Materials Manual, edited by 
T. C. Dumond, Reinhold Publishing 
Corp., New York, 1954, 386 pp. $6.50. 

Reviewed by C. F. WarNER 
Purdue University 


This book is the fourth printing of col- 
lected manuals dealing with engineering 
materials published originally in ‘Ma- 
terials ind Methods.” Reference data on 
physic! properties and descriptive  in- 
formation are given for most materials of 
interest to industry. 

Each of the 28 sections comprising the 
volume is devoted to a single material or a 
group of closely associated materials. 
There are sections on steels, stainless 
steels, aluminum, alloys, nickel alloys, 
copper alloys, ceramics, rubber, metal 
coating materials and finishes, and adhe- 
sives. 

It is the opinion of the reviewer that 
those engaged in the field of jet propulsion 
will find this book a valuable source of 
general or background information on 
materials. However, it does not present 
the detailed information on materials often 
required by the jet propulsion engineers. 


Explaining the Atom, by Selig Hecht 
(revised and with four additional chap- 
ters, by Eugene Rabinowitch), The 
Viking Press, New York, 1954, 237 
pp. $3.75. 
Reviewed by W. L. Stspspert 
Purdue University 


This book about atomic and nuclear 
phenomena was written for the layman; 
however, it is also a welcome addition to 

2 scientist’s library. The first edition 
presented a lucid historicai development 
of scientific concepts from atoms to the 
atomic bomb. Additional information, 
about thirty per cent of the new edition, 
presents a clear concise summary of atomic 
bomb developments since 1946. The 
development of the H-bomb and some of 
the experiments on other uses of nuclear 
energy are discussed. The attempts at 
control of atomic bombs by governments 
are also described. 

This book provides scientifically sound 
information in a readable and stimulating 
form. It will facilitate the understanding 
of the ways, aims, and possibilities of 
sience. The reader will be able to follow 
atomic politics, to vote intelligently, and 
to evaluate by his own intelligence the 
ideas presented in current events which 
pertain to atomic and nuclear phenomena. 

This book should be required reading for 
every voter. 

Professor Rabinowitch is to be con- 
gratulated for his excellent revision. 


Active Networks, by Vincent C. Rideout, 
Prentice-Hall, Inc., New York, 1954, 
485 pp. $10.65. 

Reviewed by Enocu J. Dursin 
The James Forrestal Research Center 
Princeton University 


Vincent Rideout, Professor of Electrical 
Engineering at the University of Wiscon- 
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C. F. Warner, Purdue University, Associate Editor 


sin, has written a book which should serve 
well as a guide to an undergraduate course 
in practical electronics. 

The material is arranged in textbook 
form with problems and references at the 
end of each chapter. The references are 
to contemporary books and _ technical 
journal articles, which increases the use- 
fulness of the material as a text by pro- 
viding a guide for further study. 

The fundamentals of many networks 
having active elements are covered in 
great detail. The author provides both a 
qualitative and mathematical description 
of the active networks which have come 
into common usage in recent years. 

The active elements which are treated 
include vacuum tubes, transistors, mag- 
netic amplifiers, gas-filled tubes, varistors, 
and crystal rectifiers. These active ele- 
ments are studied as component parts of 
electronic amplifiers and wave shaping 
circuits. 

The book concludes with a cursory 
treatment of the complex subject of noise 
and information theory, which might well 
have been omitted rather than treated in 
such a superficial manner. 

This reviewer concludes that this book 
would serve as an excellent home study 
text for the practicing nonelectronic engi- 
neer who is interested in learning the why 
and how of communication circuits. 


Noise, by Aldert Van der Ziel, Prentice- 
Hall, Inc., New York, 1954, 450 pp. 
$10.35. 

Reviewed by Enocu J. DursBin 
The James Forrestal Research Center 
Princeton University 


Aldert Van der Ziel, Professor of Elec- 
trical Engineering, University of Minne- 
sota, has written a comprehensive and 
practical treatment of noise in electronic 
devices. The material is written so as to 
be readily comprehended by the practicing 
electronic engineer or physicist engaged in 
research and development. 

The subject covered includes thermal 
noise, tube noise, noise in typical circuits, 
noise measurement, and mathematical 
analysis of noise and noise sources. 

Ostensibly, this book is organized to 
permit the study of practical noise prob- 
lems in electronic circuitry exclusive of 
the theoretical treatment of this subject. 
It was intended that, for the more thorough 
student, the latter third of the text would 
provide a more rigorous mathematical 
and statistical approach to the noise prob- 
lem. Although the basic information is 
covered adequately, this reviewer feels, 
however, that much can be done to im- 
prove the organization of material within 
the book itself. The division into prac- 
tical and theoretical sections results in a 
disjointed type of presentation, reference 
in the earlier portion of the book continu- 


Correction: In the November-Decem- 
ber 1954 Book Reviews section, the price 
of the book “V-2” by Walter Dornberger 
(The Viking Press, New York), was er- 
roneously listed as $15 instead of $5. 


ously being made to material in the latter 
section. A great deal can be done to im- 
prove the organization before the book can 
serve its intended purpose as a general 
reference for the subject of noise. 


Bibliography of Books and Published 
Reports on Gas Turbines, Jet Propul- 
sion, and Rocket Power Plants, January 
1950 through December 1953, Supple- 
ment to NBS Circular 509, by Ernest F. 
Fiock and Carl Halpern, U. S. Depart- 
ment of Commerce, National Bureau of 
Standards, 1954, 110 pp. $0.50. 

Reviewed by B. A. REESE 
Purdue University 


The supplement extends bibli- 
ography of NBS Circular 509 through 
December 1953. Approximately 5000 ref- 
erences to information on gas turbines and 
jet propulsion published during the last 
four years are included, as well as some 
earlier reports that have now been de- 
classified. 

It is obvious, of course, that all of the 
references in the many specialized branches 
of sciences represented in gas turbines 
and propulsion research and production 
could not be covered in a circular of this 
type. However, the bibliography is suffi- 
ciently complete to be a useful addition to 
the reference self. The Bureau of Stand- 
ards and the sponsoring agency, the 
Bureau of Aeronautics, are to be com- 
mended for continuing the publication of 
supplements to their original bibliography. 


Flames, Their Structure, Radiation and 
Temperature, by A. G. Gaydon and 
H. G. Wolfhard, Chapman & Hall, 
Ltd., London, England; Macmillan, 
New York, 1954, 317 pp. $6.75. 

Reviewed by T. P. Torpa 
University of Illinois 


The authors state in the preface that 
the science of combustion has become so 
large that only parts of it can be covered 
in a single book. Thus, ‘The aim here is 
to give a fairly advanced discussion of a 
part of the field, that concerned with 
stationary flames, with the emphasis on 
the physical rather than the chemical view- 
point.” They refer to other works for 
coverage of other aspects of the field of 
combustion and state that they concen- 
trated on the discussion of measurement of 
flame velocity, the theories of flame propa- 
gation, the method of carbon formation 
in flames, flame radiation, the measure- 
ment of high flame temperatures, and 
ionization in flames. The authors also 
state that they have avoided purely mathe- 
matical discussion; but this reviewer 
thinks that, in so recent a book, the mathe- 
matical theory of flame propagation should 
be given, particularly since this field has 
received a great impetus by the efforts of 
Theodore von Kérmén and his associ- 
ates. The book is descriptive in nature and 
completely avoids mathematical treat- 
ment, though it includes some formulas. 
Numerous graphs and photos are also 
included. 
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Jet Propulsion Engines 


Analytical Determination of Effect of 
Water Injection on Power Output of Tur- 
bine-Propeller Engine, by Albert O. Ross 
and Merle C. Huppert, NACA RM 
E9H17, Nov. 3, 1949, 29 pp. (Declas- 
sified from Confidential, 8/18/54.) 

A500 HP Gas Turbine Engine to Supply 
Compressed Air, by P. G. Carlson, SAE 
prepr. no. 362, Oct. 1954, 6 pp. 

The Closed Circuit Lubrication System 
Applied to a Turbojet Aircraft ‘Engine, 
by R. G. Cunningham and P. H. 
Schweitzer, ASME Paper no. 54—SA-1, 
1954, 18 pp. 

Jet Noise, by John M. Tyler and Ed- 
ward C. Perry, SAE Prepr. no. 287, 
Apr. 1954, 10 pp. 

The Free Piston and Turbine Compound 
ag of the Development, by 
A. L. London, SAE Prepr. no. 252, Jan. 
1954, 12 pp. 

The Control of Propeller Noise in Tur- 
boprop Installations, by Joern Schmey 
and Ralph M. Guerke, SAE Prepr. no. 
288, Apr. 1954, 9 pp. 

Light Aircraft Turbo-Propeller Installa- 
tions, by J. H. Gerteis, SAE Prepr. no. 
239, Jan. 1954, 17 pp. 

A Pilot’s Viewpoint of Turbojet Con- 
trol Requirements, by Robert E. La Croix, 
SAE Prepr. no. 231, Jan. 1954, 9 pp. 

Turbojet Engine Problems for Super- 
sonic Flight, by Joseph S. Alford and Earl 
L. Auyer, SAE Prepr. No. 230, Jan. 1954, 


3 pp. 

The Combustion Efficiency Problem of 
the Turbojet at High Altitude, by W. 
J. Olson, J. Howard Childs, and E. R. 
Johash, ASME Paper no. 54—SA-24, 
1954, 15 pp. 

Turbo-prop Installation in Large Water- 
Based Aircraft, by W. W. Withee, SAE 
Prepr. no. T24, Oct. 1954, 6 pp. 

Small Turbojet for Trainer Aircraft, 
by J. C. Squiers, SAE Prepr. no. 374, 
Oct. 1954, 5 pp. 

Investigation of Noise Field and Ve- 
locity Profiles of an After-Burning Engine, 
by Edmund Callaghan and Chester 
Lanzo, NACA RM E54G07, Sept. 1954, 


23 pp. 

Altitude-Ignition Limit of a Turbojet 
Engine Using a Condenser-Discharge 
Ignition System, by John C. Armstrong, 
NACA RM ESIF11, Oct. 1951, 5 pp. 
(Declassified from Confidential, 8/10/54.) 

Correlation of Analog Solutions with 
Experimental Sea-Level Transient Data 
for Controlled Turbine-Propeller Engine 
Including Analog Results at Altitudes, 
by James Lazar and Wilfred L. DeRocher, 
Jr., NACA RM E51B08, Aug. 1951, 36 
pp. (Declassified from nfidential 
8/10/54.) 

Gas Turbines of the U.S.A., by Peter 
Berry, Aeronautics, vol. 31, Oct. 1954, 
pp. 62-64, 67-68, 71, 73. 

Thrust Augmentation, by G. C. R. 
Mathieson, Aeroplane, vol. 87, Oct. 1, 
1954, pp. 516-520. 

First Details Disclose P&W’s T34 
Turboprop Makeup, Aviation Week, vol. 


Technical Literature Digest 


M. H. Smith, Associate Editor, and M. H. Fisher, Contributor 
The James Forrestal Research Center, Princeton University 


61, Oct. 4, 1954, pp. 26-28. 

igh Temperatures: Propulsion, by 
Martin Summerfield, Sci. Amer., vol. 
191, Sept. 1954, pp. 120-131. 

Gas Turbines for Commercial Heli- 
copters, by Harry A. Kasten, Aero Digest, 
vol. 69, Sept. 1954, pp. 58-60. 

Details of J-65 Turbojet, Autom. 
Indust., vol. 111, Oct. 1, 1954, p. 98. 

Design Highlights in Turbo-Compound 
Engine, Product Engng., vol. 25, Sept. 
1954, pp. 150-151. 

Structural Design Problems in Gas 
Turbine Engines, by P. N. Bright, Gen. 
Motors Corp., Allison Div., Mar. 1954, 26 
pp. 


Rocket Propulsion Engines 


The Viking-9 Firings, by Milton Rosen, 
James Bridger, and Richard Snodgrass, 
Naval Res. Lab. Rep, 4407 (Rocket Res. 
Rep. 14), Oct. 1954, 40 pp. 

European Rocketry after World War I, 
by W. R. Dornberger, J. Brit. Interplan. 
Soc., vol. 13, Sept. 1954, pp. 245-262. 

A Rocket-Powered Helicopter, Aero- 
plane, vol. 87, Oct. 15, 1954, p. 574. 

Combustion Problems in Liquid Fuel 
Rocket Engines, by S. S. Penner, Calif. 
Inst. Tech. Guggenheim Aeron. Lab. Tech. 
Rep. 7, Aug. 1954, 41 pp. 

Solid or Liquid: It’s Here To Stay 
(JATO), by Alfred J. Zaehringer, Aviation 

eek, vol. 61, Oct. 25, 1954, p. 37. 

Rocket Engines on Helicopter Rotor 
Tips, Autom. Indust., vol. 111, Oct. 1, 
1954, p. 56. 

Measuring and Recording Rocket En- 
gine Performance, Autom. Indust., vol. 
111, Oct. 1, 1954, p. 71. 

Development of the Pump Fed Rocket 
a. Engng., vol. 178, Sept. 17, 1954, 
p. 374. 


Evaluation of Russian Rocket Develop- 
ment, by G. P. Sutton, J. Brit. Interplan. 
Soc., vol. 13, Sept. 1954, p. 262-268. 


Heat Transfer and 
Fluid Flow 


Digital Computer Solution for Heat 
Transfer to Temperature Probes, by H. 
F. Kraemer and J. W. Westwater, Indust. 
Engng. Chem., vol. 46, Oct. 1954, pp. 
2035-2037. 

Heat Transfer by Free Convection from 
Horizontal Cylinders in Diatomic Gases, 
by R. Hermann, NACA 7'M 1366, Nov. 
1954, 73 pp. 

Heat Transfer from Wires at Reynolds 
Numbers in the Oseen Range, by J. Cole 
and A. Roshko, Calif. Inst. Tech. Guggen- 
heim Aero. Lab. Pub. no. 354, 12 pp. 

Heat Transfer from Wires to Gases, 
by A. C. Peterson, A. J. Madden, Jr., and 
Edgar L. Piret, Indust. Engng. Chem., 
vol. 46, Oct. 1954, pp. 2038-2040. 

Some Aerodynamic Problems of Com- 

essors and Turbines, by William R. 

rs, Maryland Univ. Lecture Ser. no. 
30, Nov. 1953, 24 pp. 


Analysis of the Effect of Blade Cooling 
on Gas Turbine Performance, by J. C. 
Burke, Mass. Inst. Tech. Div. Indusi, 
Coop., TR no. 6, Sept. 1954, 15 pp. 

Mechanism of the Disruption of Liquid 
Jets, by E. G. Richardson, Appl. Sci. 
Res. (A), vol. 4, May-June 1954, pp. 
374-380. 

High Temperature Thermodynamics, 
Tech. Rep. no. 2, Nat. Bur. of Stan. Rep. 
3431, Aug. 1951—-Mar. 1954, dated July 
9, 1954, 120 pp. 

Very High eo tures, by Arthur 
Kantrowitz, Sci. Amer., vol. 191. Sept. 
1954, pp. 132-142. 

Vaporization Rates and Drag Coefii- 
cients for Isooctane Sprays in Turbulent 
Air Streams, by Robert D. Ingebo, VACA 
TN 3265, Oct. 1954, 39 pp. 

Secondary Flow Losses in Turbine 
Cascades, by N. Scholz, J. Aeron. Sci., 
vol. 21, Oct. 1954, pp. 707-708. 

A Mach 3.106 Two-Dimensional Adjust- 
able Nozzle for Low-Density Flow, by 
Lawrence Talbot, J.Aeron. Sci., vol. 21, 
Oct. 1954, pp. 708-711. 

Stall Propagation in Cascades of Air- 
foils, by Alan H. Stenning, J. Aeron. 
Sci., vol. 21, October 1954, pp. 711-713. 

Jet Propulsion Based Upon the Schmidt 
Tube, by F. Staab, Z. Flugwissenschaften, 
vol. 2, June 1954, pp. 129-141 (in German) 

Calculation of Flow in Axial Compres- 
sors, by Karl Morghen and Kurt Rothe, 
Z. Flugwissenschaften, vol. 2, June 1954, 
pp. 149-154 (in German). 

Transverse Oscillations in a Cylindrical 
Combustion Chamber, by Franklin K. 
Moore and Stephen H. Maslen, NACA 
TN 3152, Oct. 1954, 25 pp. 

An Experimental Study of Three Di- 
mensional High Speed Air Conditions in a 
Cascade of Axial Flow Compressor Blades, 
by K. W. Todd, Gt. Brit. Aero. Res. Counc. 
Rep. Mem. 2992 (formerly ARC Tech. 
Rep. nos. 2711, 12308), 1954, 24 pp. 

Measurement of Total Emissivities of 
Gas Turbine Combustor Materials, by S. 
Mario De Corso and Roland L. Coit, 
ASME Paper no. 54—SA-26, 1954, 12 


pp. 
Functions of Angle for 
Supersonic Nozzle Design, by Harold N. 
Riise, Calif. Inst. Tech. Jet Prop. Lab. 
Publ. no. 26, Dec. 1953, 103 pp. 
Second Canadian Symposium on Aero- 
dynamics. Proceedings. Toronto Univ. 
Inst. Aerophysics, Feb. 25-26, 1954, 2% 


pp. 

Method and Graphs for the Evaluation 
of Air-Induction Systems, by George B, 
Brajnikoff, NACA Rep. 1141 (formerly 
NACA TN 2697), 1953, 22 pp. 

The Potential Flow of a Fluid into @ 
os Probe, by Philip Rosen, Johns 
Hopkins University, Applied Physics 
Lab., CF-2248, July 1954, 6 pp. 

Turbulent-Heat-Transfer Measure- 
ments at a Mach Number of 3.03, by 
Maurice J. Brevoort and Bernard Rashis, 
NACA TN 3303, Sept. 1954, 21 pp. 


Eprtor’s Nore: This collection of references is not intended to be compreh 
stimulating papers which have come to the attention of the contributors. 

literature is unavailable because of security restrictions. We invite contributions to this department of references which have not come 
to our attention, as well as comment on how the department may better serve its function of providing leads to the jet propulsion applica 


tions of many diverse fields of knowledge. 
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Survey of Heat Transfer at High 
Speeds, by Ernest Eckert, Wright Air 
Development Center Tech. Rep. 54-70, 
April 1954, 94 pp. 

An Experimental and Analytical Inves- 
tigation of Critical Design Parameters for 

Mach Number Open Jet Supersonic 

Wind Tunnels, by J. D. Lee, M. A. Sutton, 
and G. L. von Eschen, Ohio State Univ. Res. 
Found. Summary Rep. 43, June 1954, 
39 pp. 

Analysis of Shock-Wave Cancella- 
tion and Reflection for Porous Walls 
Which Obey Exponential Mass-Flow 
Pressure-Difference Relation, by Joseph 
M. Spiegel and Phillips J. Tunnell, NACA 
TN 3223, August 1954, 23 pp. 

Some Possibilities of Using Gas Mix- 
tures Other Than Air in Aerodynamic 
Research, by Dean R. Chapman, N ACA 
TN 3226, August 1954, 48 pp. 

Heat Transfer Coefficients for Gases; 
Effect of Temperature Level and Radia- 
tion, by H. J. Ramey, J. B. Henderson. 
and J. M. Smith, Project Squid Tech. 
Rep. PUR-24-P (American Inst. Chemical 
Engrs. Prep. no. 10), Dec. 1953, 13 pp. 

The Kinetic Theory of Moderately 
Dense Gases, by C. F. Curtiss and R. F. 
Snider, Wisconsin Univ. Naval Res. Lab. 
Rep. OOR-10, May 1954, 55 p. 

The Viscosity, Thermal Conductivity, 
and Prandtl Number for Air, O., N:, NO, 
H,, CO, CO., HO, He and A, by Joseph 
Hilsenrath and Y. S. Toulonkian, 7'rans. 
ASME, vol. 76, Aug. 1954, pp. 967-985. 

A Study of the Mechanism of Boiling 
Heat Transfer, by Max Edmund Ellion. 
Calif. Inst. Tech. Jet Prop. Lab. Mem. 20- 
88, March 1954, 84 pp. 

Stationary Rig Experiments on the Heat 
Extracting Power of Closed Thermosy- 
phon Cooling Holes, by H. W. Hausemann. 
Gt. Brit. Aeron. Res. Counc. Curr. Pap. 
no. 152 (Nat. Gas Turbine Estab. Mem. 
no. 128), 1954, 21 pp. 

The Static Pressure Variation in Com- 
pressible Free Jets, by W. R. Warren, Jr., 
Princeton Univ. Dept. Aeron. Engng. 
Rep. no. 270, July 16, 1954, 9 Pp. 

Method for Evaluating the Effects of 

and Inlet Pressure Recovery on 
Propulsion-System Performance, by Emil 
Kremzier, NACA TN 3261, Aug. 1954, 

1 pp. 

Measurements in the Boundary Layer 
ona Smooth Flat Plate in Supersonic Flow, 
I. Instrumentation and Experimental 
Techniques at the Jet Propulsion Labora- 
tory, by Donald Coles, Calif. Inst. Tech. 
Jet Prop. Lab. Rep. no. 20-70, June 1953, 


2 

the Reflection of Shock Waves 
From an Open End Duct, by George 
Rudinger, Toronto Univ. Second Canad. 
Sympos. Aerodynamics, 1954, pp. 194-206. 

Instability of Liquid Surfaces and the 
Formation of Drops, by Joseph B. Keller 
and Ignace Kolodner, J. Appl. Phys., 
Vol. 25, July 1954, pp. 918-921. 

Method For Calculation of Laminar 
Heat Transfer in Air Flow Around Cylin- 
ders of Arbitrary Cross Section (Including 
large Temperature Differences and Tran- 
spiration Cooling), by FE. R. G. Eckert and 
John N. B. Livingood, NACA Rep. 1118, 
1953, 29 pp. 


Combustion 


Some 7. of Combustion of Liquid 
Fuel, by Charles C. Graves and Melvin 
Gerstein, Advisory Group Aeron. Res. 
Devel. (NATO), AG16/M10, May 3-7, 


If 1954, 26 pp. 


Development of Ceramic Flameholders 
for Afterburners and Ramjets. Quart. 


‘I Prog. Rept. no. 9, Nat. Bur. Stand., NBS 


8718, Sept. 30, 1954, 3 pp. 


NJanuary 1955 


The Effect of Drop Size on Flame 
Propagation in Liquid Aerosols, by J. H. 
Burgoyne and L. Cohen, Proc. Roy. Soc. 
Lond. (A), vol. 225, Sept. 14, 1954, pp. 
375-392. 

Organ Pipe Oscillations in a Burner 
With Deep Ports, by Abbott A. Putnam 
and William R. Dennis, Battelle Memorial 
Inst. Tech. Rep. 15034—-5, Sept. 1954, 59 


pp. 

High Temperatures: Flame, by Ber- 
nard Lewis, Sci. Amer., vol. 191, Sept. 
1954, pp. 84-95. 

A Preliminary Investigation of Com- 
bustion with Rotating Flow in an Annular 
Combustion Chamber, by Ira R. Schwartz, 
NACA RM L51E25a, Sept. 1951, 18 pp. 
(Declassified from Confidential 8/10/54.) 

The Mechanism of Carbon Formation, 
by George Porter, Advisory Group Aeron. 
Res. Devel. (NATO) Memo. AG 13/M9, 
May 1954, 16 pp. 

Effect of Fuel Volatility on Performance 
of Tail-Pipe Burner, by Zelmar Barson 
and Arthur Sargent, NACA RM E51C14, 
Apr. 1951, 18 pp. (Declassified from 
Confidential, 8/10/54.) 

Self-Combustion of Acetylene. I. 
Pre-Ignition Kinetics, by W. W. Robert- 
son, E. M. Magee, Janice Fain, and F. 
A. Matsen, Texas Univ. Tech. Rep. no. 
10, May 1954, 6 pp. 

Combustion Properties of Aluminum a 
Ram-Jet Fuel, by Robert Branstetter, 
Albert Lord, and Melvin Gerstein, NACA 
RM E51B02, Mar. 1954, 37 pp. (De- 
classified from Confidential 8/10/54.) 

Investigation of Ignition Character- 
istics of AN-F-32 and Two AN-F-58a 
Fuels in a Single Can-Type Turbojet 
Combustor, by Warren Rayle and How- 
ard Douglass, NACA RM _ E50H16a, 


Oct. 13, 1950, 25 pp. (Declassified from 


Confidential 8/10/54.) 

Effects of Additives on Flame Propaga- 
tion in Acetylene, by E. A. Westbrook 
and Robbin Anderson, T'exas Univ. Tech. 
Rep. no. 9, Apr. 1954, 9 pp. 

Cool Flame Phenomena in the Oxida- 
tion of Ethane, by J. H. Knox and R. G. 
W. Norrish, Trans. Faraday Soc., vol. 
50, part 9, Sept. 1954, pp. 928-933. 

The Unsteady Burning of Cordite, by 
J. D. Huffington, Trans. Faraday Soc., 
vol. 50, part 9, Sept. 1954, pp. 942-952. 

Effect of Molecular Structure on Com- 
bustion Behavior, by Louis C. Gibbons, 
Henry C. Barnett, and Melvin Gerstein, 
Indust. Engng. Chem., vol. 46, Oct. 1954, 
pp. 2150-2159. 

Minimum Spontaneous Ignition Tem- 
peratures of Combustibles in Air, by M. 
G. Zabetakis, A. L. Furno, and G. W. 
Jones, Indust. Engng. Chem., vol. 46, Oct. 
1954, pp. 2173-2178. 

Altitude Performance of AN F-58 Fuels 


* in J33-A-21 Single Combustor, by Ralph 


Dittrich and Joseph Jackson, NACA RM 
E8L24, Apr. 8, 1949, 23 pp. (Declassified 
from Confidential, 8/18/54.) 

Activation Energies of Reactions of 
Methyl Radicals with Organic Molecules, 
by F. O. Rice and R. E. Varnerin. Catho- 
lic Univ. of America. Chemistry Dept., 
July 1954, 14 pp. 

Characteristics of a Vaporizing Com- 
bustor for Aviation Gas Turbines, by 
W. D. Pouchot and J. R. Hamm, Trans. 
ASME, vol. 76, July 1954, pp. 801-807. 

Note on the Interaction of Methane and 
Water Vapor in the Hydrogen-Oxygen 
Reactions, by Arthur Levy, J. Chem. 
Phys., vol. 21, Dec. 1953, pp. 2132-2133. 

Kinetics of the Fast Reaction Between 
Nitrogen Dioxide and Fluorine, by Rich- 
ard L. Perrine and Harold S. Johnstone, 


YOUR 


CALLING CARD FOR 
A BRILLIANT FUTURE... 


Bendix Missile Section is a major contractor in the U.S. Navy’s guided 
missile program --a part of the “new look” in our defense plan. Our 
expanding program has many opportunities for senior engineering 
personnel: Electronics Engineers, Dynamicists, Servo- Analysts, Stress 
Analysts, Project Coordinators, and Designers. Take time now to look 
into the opportunities which Bendix can offer you. Write Employment 
Dept. M, 401 Bendix Drive, South Bend, Indiana. 
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a: all-white prototype Grum- 
man F9F-9 Tiger is polka- 
dotted with unpainted circles 
surrounding static pressure ori- 
fices. There are more than 250 
of these points on the left side 
of the airplane. 


The Navy’s new supersonic jet 
fighter is instrumented with 
Statham Model P81 Pressure 
Transducers for determination 
of pressure distribution in flight. 


For specific details 
pertaining to Statham 
Pressure Transducers, 
please request 
Bulletin No, PT-1. 


LABORATORIES 
Los Angeles 64, Calif. 
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' and Guy Waddington, J. 


Chem. vol. 21, Dec. 1953, pp. 
2-220. 

Geetiions of State and Detonation 
Theory, by S. Paterson and J. M. David- 
== J. Chem, Phys., vol. 22, Jan. 1954, p. 
1 


Experimental Studies of Hydrogen 
Superoxide Formation, by J. D. McKinley, 
Princeton Univ. James Forrestal Res. 
Cent. Chemical Kinetics Proj. Tech, Rep. no. 
9, Jan. 1954, 17 pp. 


Fuels, Propellants, and 
Materials 


Fuel Properties and Jet Engine Com- 
bustor Performance, by C. M. Kuhbach, 
W. F. Ritcheske, and K. H. Strauss, 
SAE, Prepr. no. 361, Oct. 1954, 8 pp. 

A High Rate Testing Machine for Meas- 
uring Mechanical Properties of Solid 
Propellants, by C. N. Minke, A. R. Shoff, 
and H. A. Winneberg, Hercules Powder 
Co.,. Allegany Ballistics Lab. Rep. ABL/ 
B11, July 1954, 25 pp. 

Stability of Aircraft Turbine —_ b 
C. R. Johnson, D. F. Fink, and C. 
Nixon, Indust. Engng. Chem., ‘vol. 46,. Oct. 
1954, pp. 2166-2173. 

Aircraft Turbine Fuel Properties Affect- 
ing Combustor Carbon, by D. P. Barnard 
and Lamont Eltinge, /ndust. Engng. Chem., 
vol. 46, Oct. 1954, pp. 2160-2163. 

Corrosion and Deposit in Gas Turbines, 
by B. O. Buckland, Indust. Engng. Chem., 
vol. 46, Oct. 1954, pp. 2163-2166. 

Nimonic 95, Data on High Temperature 
Tensile-Properties and Creep Character- 
istics, Aircraft Prod., vol. 16, Oct. 1954, 
p. 405. 

Nitromethane: The Vapor Heat Ca- 
pacity, Heat of Vaporization, Vapor Pres- 
sure and Gas Imperfection; the Chemical 
Thermodynamic Properties from 0 to 
1500°K, by J. P. McCullough, D. W. 
Scott, R.E. Pennington, I. A. Hossenlopp, 

Amer. Chem. 
Soc., vol. 76, Oct. 5, 1954, pp. 4791-4796. 

The Tabulation of Imperfect-Gas Prop- 
erties for Air, Nitrogen and Oxygen, by 
Newman A. Hall and Warren E. Iberl e, 
Trans. ASME, vol. 76, Oct. 1954, pp. 
1039-1056. 

Generalized pvT Properties of Gases, 
by L. C. Nelson and E. F. Obert, Trans. 
ASME, vol. 76, Oct. 1954, pp. 1057- 
1066. 

Survey of Experimental Determinations 
of Heat Capacity of Ten Technically Im- 
portant Gases, by Joseph F. Masi, Trans. 
ASME, vol. "76, Oct. 1954, pp. 1067- 
1074. 

Some 12 Per Cent Chromium Alloys for 
1000F to 1200F Operation, by D. L. 
Newhouse, B. R. Seguin, and E. M. Lape, 
Trans. ASME, vol. 76, Oct. 1954, pp. 
1107-1122. 

Investigation into the Machining of 
Titanium 150A in the Forged State, by 
J. T. D. Holt and J. Purcell, Cranfield 
Coll. Aeron. Rep. no. 84, Aug. 1954, 25 


pp. 

Long Range Research Leading to the 
Development of Superior Propellants. 
Mechanism of Burning, Bur. Mines Prog. 
Rep. no. 54, June 1954, 6 pp. 

Long Range Research Leading to the 
Development of Superior gg 
Mechanism of Burning, Mines 
Prog. Rep. no. 53, Mar. 1954, 71 pp. 

Carbon Decomposition of Several Spe- 
cial Turbo-Jet-Engine Fuels, by Jerrold 
Wear and James Useller, NACA RM 
E51C02, Apr. 1951, 15 pp. (Declassi- 
fied from Confidential, 9/10/54.) 

Melting-Point Measurements for the 
Nitric Acid Dinitrogen Tetroxide-Water 


meet by Gerard Elverum and David 
Mason, Calif. Inst. Tech. Jet Prop. Lab, 
Prog. Rep. no. 20-224, May 1954, 12 pp. 

Forging of Aircraft Gas Turbine Blades, 
4 L. M. Raring, Steel Processing, vol, 

40, Aug. 1954, pp. 487-494. 

Machining Rotor-Dises, Aircraft Prod., 
vol. 16, Sept. 1954, pp. 368-372. 

Methods of Testing Mechanical Prop- 
erties of Propellants. Final Summary 
Report for March 1, 1950 to May 31, 1954, 
a Inst. Tech. Plastics Lab., May 31, 
1 

Fuel Requirements of Pre-Vaporizing 
Type Gas Turbine Combustors, (vari, 
Prog. Rep. no. 9, Shell Oil Co., Inc., Wood 
River Res. Lab., ‘June a; 1954, 14 pp. 

New Techniques for Titanium, by 
Ralph A. Haver and David S. Adams, 
= Digest, vol. 69, Sept. 1954, pp. 42- 


Materials, by 


High Temperatures: 
‘Sept. 


Pol Duwez, Sci. Amer., vol. 191, 
1954, pp. 99-106. 

Development of Synthetic Lubricants 
for Aircraft Gas Turbines, by B. \W. Be- 
dell, Sci. Lubric., vol. 6, Sept. 1954, pp. 
24-27. 


Thermal Shock Investigation, by T. A. 
Hunter, L. L. Thomas, and A. R. Bobrow- 
sky, Wright Air Dev. Center Tech. Rep. 
54-206, Apr. 1954, 98 pp. 

Organo-Metallic and Organo-Metal- 
loidal High Temperature Lubricants and 
Related Materials. Part I, by Henry 
Gilman, Robert K. Ingham, and Richard 
D. Gorsech, Wright Air Dev. Center 
Tech. Rep. 53-426, part 1, Apr. 1954, 123 


pp. 

Thermodynamic Properties of Boron 
and Aluminum Compounds, Prog. Rep. 
no. 2, Penn State College Dept. Chem. 
Phys., Jan. 1-Sept. 30, 1953, issued Oct. 
29, 1953, 50 pp. 

How Rohr Heats Dies to Form Tita- 
nium, by J. E. Rheim, Amer. Machinist, 
vol. 98, Oct. 11, 1954, pp. 161-163. 

Materials for Gas Turbines, by H. Sut- 
ton, Metallurgia, vol. 50, Sept. 1954, pp. 
131-134. 


Terrestrial Flight, Vehicle 
Design 


Jet Transport Engine Location, by 
R. W. Rummel, Skyways, vol. 13, Nov. 
1954, pp. 14-16, 42. 

Reliability of Guided Missiles, by Rob- 
ert er Redstone Arsenal, Sept. 1954, 

Factors in Jet-Transport Design 
by Frank C. Hale, Aero. Engng. Rev., vol. 
13, Oct. 1954, pp. 84-86. 

A Theoretical Investigation of the In- 
fluence of Autopilot Natural Frequency 
upon the Dynamic Performance Character- 
istics of a Supersonic Canard Missile Con- 
figuration with a Pitch-Attitude Control 
System, by Anthony L. Passera, N ACA 
RM L51HO2, Get. 1951, 32 pp. (De 
classified from Confidential, 8/10/54.) 

System Analyses and Autopilot Design 
for Automatic Roll Stabilization of 4 
Supersonic Pilotless Aircraft, by Jacob 
Zarovsky, NACA RM L51E07, July 
1951, 55 pp. (Declassified from "Conf 
dential, 8/10/54.) 


Instrumentation and 
Experimental Techniques 


Photographic Motion Analysis. Part’, 
by John H. Waddell and Jennie W. Wad- 
dell, Indust. Lab., vol. 5, Oct. 1954, pp. 
105-1 12. 

The Effect of the Entrance Flow on the 
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Now! BENDIX-SCINFLEX waterproof plugs 


for use with 
multi-conductor cables 


These new Bendix*-Scinflex waterproof plugs are a THESE BUILT-IN FEATURES 
modification of our standard AN type “E” (environ- ASSURE TOP PROTECTION 
ment resistant) connector. They are designed to AGAINST CIRCUIT FAILURE: 
meet all “E performance requirements when used 
with multi-conductor cables. Each plug includes a Resistant 
modified AN3057B cable clamp which provides in- aT 


ward radial compression on multi-conductor cables. 
This unique feature completely eliminates cable 
strain—a common source of circuit trouble. 


Cadmium Plate—Olive 
Drab Finish 
Moisture-Proof, 

In addition, there are gaskets at all mating surfaces Pressurized 

and an accessory sleeve is available to accommodate High Arc Resistance, 
an extreme range of cable sizes. A folder describing 
this new waterproof plug—and the various sizes in 
which it is manufactured—may be obtained by Silver-Plated Contacts 
writing our Sales Department. *;TRADE-MARK Resilient Inserts 


High Dielectric Strength 


SCINTILLA DIVISION “Condi” SIDNEY, NEW YORK 


AVIATION CORPORATION 


Export Sales: Bendix International Division, 205 East 42nd St., New York 17, N. Y. 
Factory Branch Offices: 117 E. Providencia Avenue, Burbank, California ¢ Brouwer Building, 176 W. Wisconsin Avenue, 
Ge 7 Ox Milwaukee, Wisconsin * Stephenson Building, 6560 Cass Avenue, Detroit 2, Michigan ¢ 512 West Avenue, Jenkintown, 
2 ; Pennsylvania ¢ 8401 Cedar Springs Rd., Dallas 19, Texas ¢ American Building, 4 South Main Street, Dayton 2, Ohio 
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— A long range program of research 
7 development in guided missiles 
-—>~— has created unlimited opportunities 
in all phases of rocket engineering. 
Engineers with advanced degrees are needed for 
; positions in Combustion Research and Physical 
Chemistry. 
Engineers with or without advanced degrees are 
needed as: 
RESEARCH ENGINEERS ... for studies in heat 
transfer and Thermodynamics 
DESIGN ENGINEERS... for design phases of 
5 liquid rocket power plants, thrust chambers, 
gas turbine pumps 
FIELD ENGINEERS. .. for coordination of activi- 
ties at field test sites 
TEST ENGINEERS... for development and pro- 
duction testing of liquid rocket power . 
: plants and their components 
COMPLETE ROCKET TESTING FACILITIES 
Openings also for Design Draftsmen and Technicians 
‘Send complete resume to: Manager, Engineering Personnel 
orp 
P.O. BOX 1, BUFFALO 5, NEW YORK 
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Performance of a Thermodynamic Tem- 
perature Sensing Instrument, by J. A. 
[ehtinen, J. A. Clark, and W. M. Rohse- 
now, Mass. Inst. Tech. Dept. Mech. Engng. 
MIT Item no. 54-286, M-1-d, Oct. 18, 
1954, 36 pp. 
Oil Powered Simulator Calibrates Jet 
ine Fuel Control, by W. S. Bobier, 
Jr, Applied Hydraulics, vol. 7, Sept. 
1954, p- 86. 

Variable-Area Flowmeters, by D. V. 
Gayton, Instrum. Automation, vol. 27, 
Sept. 1954, pp. 1482-1484. 

A Surface-Scanning Pyrometer, by R. 
B. Sims and J. A. Place, J. Sci. Instrum. 
yol. 31, Aug. 1954, pp. 293-294. 

Thrust Measurement in Flight, by J. 
D. Humphreys, Aero Digest, vol. 69, 
Sept. 1954, pp. 50-54. 

Photographic Pyrometry, by J. W. 
londeree, Jr., J. Amer. Ceram. Soc., 
vol. 37, Aug. 1, 1954, pp. 354-360. 

Corrections in Hot-Wire Correlation 
Measurements, by C. E. Pearson, Quart. 
Appl. Math., vol. 12, Oct. 1954, p. 235. 

A Method of Temperature Measure- 
ment of Incipient Flame Kernels, by H. 
L. Olsen, E. L. Gayhart, and L. W. 
Bennett, Johns Hopkins Univ., Applied 
Phys. Lab., CM 815, Aug. 1954, 35 pp. 

China Lake Pilot Plant Static-Firing 
Facilities, by L. W. Hart, Nav. Ord. Test 
Station Tech. Memo. 1034, Apr. 1954, 71 


Dp. 

Pulse Transmitter for Rocket Research, 
by D. G. Mazur, Electronics, vol. 27, Nov. 
1954, pp. 164-167. 

New Design of a Vacuum Jacket Pre- 
cision Combustion Calorimeter, by P. B. 
Aitken, Helen Boxall, and L. G. Cook, 
Re. Sci. Instrum., vol. 25, Oct. 1954, 
pp. 967-970. 

The High Speed Laboratory of the Aero- 
dynamics Division, N.P.L., by D. W. 
Holder, Gt. Brit. Aero. Res. Counc. Rep. 
Mem. 2560, 1954, 277 pp. 

Recovery Corrections for Butt-Welded, 
Straight-Wire Thermocouples in High- 
Velocity, High-Temperature Gas Streams, 
by Frederick Simmons, NACA RM 
E}4G22a, Sept. 1954, 19 pp. 

Application of High-Speed Strain Gage 
Torquemeter to Turbo-Machinery Re- 
search, by H. A. Buckner, Jr., and John 
J. Rebeske, Jr., ASME Paper, no. 54— 
§A-23, 1954, 10 pp. 

An Automatic Control for Close Clear- 
ces in Rotating Machinery, by Arthur 
or, ASME Paper no. 54—SA-25, 

14 pp. 

A Bibliography of the Frequency Re- 
sponse Method as Applied to Automatic 
Feedback Control Systems, by A. M. 
Fuchs, J'rans. ASME, vol. 76, Nov. 
1954, pp. 1195-1194. 

Analysis of Regulating Systems with 
Particular Reference to Speed Control, 
by R. H. Maemillan, Trans. ASME, 
vol. 76, Nov. 1954, pp. 1237-1244. 


Space Flight, Astrophys- 
ies, Aerophysics 


A Reciprocity Theorem on the Propa- 
tation of Radio Waves Via the Ionosphere, 
wy K. G. Budden, Proc. Cambridge Phil. 
—¥ vol. 50, pt. 4, Oct. 1954, pp. 604- 


Man and Machine Between Atmosphere 
md Space, by Heinz Haber, Aero. Engng. 
Rev., vol. 13, Nov. 1954, pp. 56-62. 


Some Measurements of Atmospheric 
Turbulence Obtained from Flow Direction 
Vanes Mounted on an Airplane, by Robert 
i Chilton, NACA TN 3313, Nov. 1954, 
2 pp. 
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Atomic Energy 


The Thermal Design of Nuclear Power 
Reactors, by N. J. Palladino, ASME 
Paper no. 54—A-58, Apr. 1954, 15 pp. 

tructural Problems of a Sodium Cooled 
Nuclear Reactor, by D. R. Miller and W. 
E. Cooper, ASME Paper no. 54—A-75, 
Apr. 1954, 20 pp. 

Why Atom Powered Planes Will Be 
Heavy Weights, Aviation Week, vol. 61, 
Oct. 4, 1954, p. 44. 

The Kinetics of the Circulating Fuel 
Reactor, by W. K. Ergen, Oak Ridge 
Nat. Lab. ORNL CF 54-4-6, Apr. 5, 
1954, 3 pp. 

The Physics of Nuclear Power, by W. 
E. Shoupp, Westinghouse Engr., vol. 14, 
Sept. 1954, pp. 163-172. 

Cooling the Nuclear Reactor, by G. 
M. Roy and G. L. Locks, Gen. Elec. Rev., 
vol. 57, Sept. 1954, pp. 49-51. 

Nonuniform Fuel Distributions in Nu- 
clear Reactors, by G. Goertzel and William 
A. Loeb, Nucleonics, vol. 12, Sept. 1954, 
pp. 42-45. 

Reactor ineering Lectures. Part 1, 
by Stuart McLain, Argonne Nat. Lab. 
ANL-5311, Pt. 1, Sept. 1954, 74 pp. 

Chemical Problems Associated With 
the Development of Nuclear Reactors, 
by William F. Kieffer, J. Chem. Educ., 
vol. 31, Sept. 1954, pp. 488-495. 

Kinetics of Circulating Reactors at 
Low Power, by Joseph A. Fleck, Jr., 
Nucleonics, vol. 12, Oct. 1954, pp. 52-55. 

Trends in Nuclear Instrumentation, 
by Denis Taylor, Nucleonics, vol. 12, Oct. 
1954, pp. 12-19. 

How to Test a Nuclear Power Plant, 
Nucleonics, vol. 12, Oct. 1954, pp. 22-25. 


Summary of Technical Sessions 


(Continued from page 41) 
SPACE FLIGHT SYMPOSIUM 


Instrumentation for Space Vehicles. George 
W. Hoover, ONR, points out need for 
knowledge of time, orientation, velocity, 
altitude, flight path, power, and environ- 
mental conditions in a space craft. 

Orbits and Lifetimes of Minimum Satellites. 
S. Fred Singer, University of Maryland, 
shows that 200 rotations around the earth, 
about 12 days, would be the expected 
duration of a minimum satellite, but that 
this would be sufficient time to provide far 
more data on the upper atmosphere than all 
the research rockets fired to date have 
produced. 

Importance of Mixture Ratio Control for 
Large Rocket Vehicles. Rudolph H. 
Reichel, Bell Aircraft, analyzes the factors 
influencing mixture ratio—density varia- 
tions in propellants, pump characteristics, 
rocket acceleration. He then deals with 
means of controlling them—by calibration 
of propellant feed system, by minimizing 
influence of acceleration on injection sys- 
tem through careful design of pumps, and 
arrangement of tanks, by automatically 
compensating for deviations in ratios 
through control devices. 

Logistic Aspects of Orbital Supply Systems. 
Wernher von Braun, Redstone Arsenal, 
stresses systems concept in orbital supply, 
discusses the Romick-Van Pelt-Knight 
(above) and Ehricke (Jet Proputsion, 
Vol. 24, Sept.-Oct. and Nov.-Dec., 1954) 
systems. 

Proposed Geodetic Triangulation from an 
Unmanned Orbital Vehicle by Means of 
Satellite Search Technique. Clyde W. 
Tombaugh, White Sands Proving Ground, 
discloses details on utility of an instru- 
mented satellite in a 1075-mile orbit. Using 


three of his telescope cameras triangulated 
on the satellite, it would be possible, he 
says, to plot distances on the earth with 
great accuracy. 


TESTING 


A Versatile Ignition Delay Tester for Self- 
igniting Rocket Propellants. M. A. Pino, 
California Research Corp., Richmond, 
Calif., describes a simple instrument which 
gives ample control of propellant tempera- 
ture, propellant ratio, and degree of mix- 
ing; reproduces results of runs easily; and 
requires only a small amount of propellant. 

Methods for Environmental Testing Rocket 
Engines. Louis Muller and Eric Harslem, 
Reaction Motors, evaluate the merits of 
testing rocket engines inside an environ- 
mental chamber versus testing on a rocket 
test stand using expendable insulated walls 
and portable air-conditioning equipment. 


-Track-borne Rocket Powered Parachute 


Test Vehicle. Donald L. Arenson, Ex-Cel 
Industries, Inc., Chicago, and Jack H. 
McClow, Jr., Cook Research Laboratories, 
Chicago, outline the design and perform- 
ance of a rocket sled used for developing 
parachute recovery systems. 10,000-lb 
thrust solid propellant ATO bottles con- 
demned for aircraft and missile use were 
used for powering the sled in some cases. 

Supersonic Component Test Missiles. Ar- 
enson (above) and Harry Wiant, Cook 
Research Laboratories, discuss the Skokie 
I and Cherokee missiles. These units 
carry ejection seats, parachutes, and other 
aircraft and missile components to be 
tested. They release the components at 
supersonic speeds after the missile has 
been dropped from a B-29 used for testing 
the operation of ejection seats, parachutes, 
and other equipment. The missiles are 
dropped from the bellies of bombers, their 
solid propellant rocket charges take over, 
and the missile reaches up to Mach 1.5, 
and the equipment (instrumented with 
rate gyros, accelerometers, pressure gages, 
and tape recorders) is ejected and tracked 
with cameras from the missile itself as well 
as from the ground. 

Supersonic Research Sleds and Track Facili- 
ties. F. W. Thiele, North American 
Aviation, describes techniques used for 
powering the major sleds in existence, in- 
cluding the one dealt with in the Arenson- 
McClow paper (above). He discusses 
solid and liquid propellant systems, in- 
cluding details on inert gas pressurizing, 
chemical pressurizing, and turbopump 
pressurizing. 

Development of a Stabilization System for 
the Viking Rocket. N. E. Felt, Jr., 
Glenn L. Martin Co., Baltimore, outlines 
experiences with motor control, control by 
aerodynamic roll, and hydrogen-peroxide 
jet control of the Viking. He cites simpli- 
fied test procedures, easily serviceable 
components, interchangeable units, and 
reliable equipment as important factors in 
work of this nature. 

Performance Analysis of Short Range High 
Velocity Ballistic Rockets. W. O. Ber- 
green and L. M. Miller, North American 
Aviation, point out the importance of the 
time-to-target factor as an index of per- 
formance and as a means of determining 
optimum propulsion configurations; pres- 
ent equations for arriving at drag-free 
and drag-included time-to-target, then 
discuss the relative importance of param- 
eters. They show why some parameters 
are not considered in short range rockets. 

Pogo Radar Target. Gilbert Moore, New 
Mexico College of A&M, State College, 
N. M., presents details on a missile target 
developed under Navy Ordnance at White 
Sands Proving Ground (see p. 38). 
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